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SYNOPSIS OF SHROUDED PROPELLER TEST PROGRAM

A shrouded propeller test program was conducted under contract NOw-64-0707-d award-
ed to the Hamilton Standard Division of the United Aircraft Corporation by the Bureau

of Naval Weapons in November of 1964. This program included both experimental and
analytical phases.

The experimental phase of the program was conducted in the United Aircraft wind tunnel
test facilities on a series of shroud-propeller models. This testihg included the effects
of varying the shroud parameters of lip shape, exit area ratio, propeller position,
shroud chord length, and exterior shape, and propeller parameters such as planform
distribution, number of blades, and tip clearance. Each of these parameters was tested
over a wide range of propeller power loadings, tip speeds, and free-stream Mach num-
bers. These data were then presented in a manner in which the effect of variations of
each geometric parameter on performance, pressure and velocity distributions could

be separately evaluated. The results are reported in Hamilton Standard Report HSER
4348,

The analytical phase of the program involved the development.of a shrouded propeller
aerodynamic design and performance prediction method. This method, based on.a
theory which includes the interaction of shroud, propeller and centerbody induced
flows, represents the propeller by a finite number of-blades, and includes the in-
fluence of finite shroud and centerbody dimensions. The method has been -comput-
erized and substantiated by comparisons of calculations with the test data from the
experimental phase. These efforts are reported in Hamilton Standard HSEF, 4776.
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SUMMARY

“>This report contains and summarizes a program conductedmlton Star;d;;d)for

the development of an analytic shrouded propeller performance prediction method,
The Therm Advanced Research, Inc. shrouded propeller theory was used as the basis
of the method,” Due fo certain limitations in this basic theory,yHamilton Standard
included propeller geometry, shroud drag, and the effect of centerbody. Furthermore,
additional adjusiments were made in an attempt to extend its applicability to lower
velocities and to shrouds with greater thickness and camber than were considered in
the basic theory. The method was computerized, and the computer program was then
used in evaluating the computationa] procedure by comparisons with the test data
obtained-by Hamilton Standardyin the United Aircraftpwind tunnel test facility, In
general, the method agreed well with test for Mach numbers greater than or equal to
0.20 for propeller performance and shroud surface pressure distributions. The net

. atan” . .
thrust (shroud plus propeller) compar1s{ons were not as favorable, due to the simplifying
assumptions in both the inviscid net thrust and shroud drag computations [ [he results

show that further work is required to extend the theory to static conditions én\d‘to better
define net thrust,

The wind tunnel tests were undertaken as Phase I and the method development as Phase

I of contract NOw-64-0707~d awarded by the Bureau of Naval Weapons in November
of 1964,
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INTRODUCTION

Existing methods, based on momentum concepts, for the design and performance
prediction of shrouded propellers are not able to account for shroud shape except in
terms of shroud area ratio and therefore cannot be used to predict shroud pressure
distributions. Also unaccounted for are the effects of propeller lacation, propeller
tip clearance and centerbody geometry. Information on the effzcts of these variables
is necessary for the design of shrouded propellers. The shroud pressure distribution

is especlally needed, since it enters directly into the prediction of the boundary layer
separation characteristics of the shroud.

These shortcomings prompted Hamilton Standard to investigate treatments which
included these effects, and led to the choice of the Therm Advanced Research, Inc.
(T.A.R.) formulation as the basis for a shrouded propeller performance prediction
method which has been programmed for digital computation,

The T, A.R. theory as formulated, however, contains certain assumptions which
limit its applicability to high forward speeds and/or to thin shrouds of small camber.
In addition, it does not permit specification of the propeller geometry and does not
account for the effects of centerbody. Therefore, before it can be used as a perfor-
mance prediction tool, and as part of its continuing development, methods for the
removal of these shortcomings must be investigated and evaluated.

Mutual recognition of the need for the continued development of this method resulted
in the Phase III portion of Navy Contracted NOw-64-0707-d, granted to the Hamilton
Standard Division of the United Aircraft Corporation by Buweps., Under Phase III of
this contract, the removal of the shortcomings discussed above are investigated. The
resulting corrections to the the theory are incorporated into the computer program and
the method validity checked by comparisons with the test data obtained from Phase I.
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OBJECTIVES

1. Develop a practical design and performance prediction method for shrouded

propellers based on the three-dimensional theory derived by Therm Advanced
Research, Inc,

Investigate the feasibility of extending the method to include such effects as

centerbody and shroud drag, and investigate the feasibility of extending the method
to the static case,

Utilize the test data from Phase I to check out the method and tc provide empirical
adjustments to the basic method as may be required.

Develop a computer program, describe the pertinent instructions for using the
computer program, and present sample cases.

W

o e R e




2 et et . "
B e as smot P AT = g

ey ¢

%
i
;
|
!
|
i
{
3

s

4.0

HSER 4776

Hamijtonmvﬁm OF UNITED AIRCHAF T CORPORA TION h > : I VOlume I
Standard Re

CONC LUSIONS

As a result of the reporied investigations the following conclusions are drawn.

THEORETICAL

1‘

The effects of centerbody, propeller geometry, and shroud thrust and drag were
added to the basic T.A.R. Theory,

Improvements to the representation of the propeller wake induced velocities,

shroud boundary conditions, and shroud leading edge pressure distributions were
incorporated,

COMPUTER PROGRAM

1.

The improvements and additions to the theory have been incorporated into the
program,

The program is a tool useful for parametric studies of shroud and propeller
geometry variations due to ease of input manipulation and fast computing time.

The program is set up in a manner which readily permits additions and/or changes
to any of its major sections.

METHOD EVALUATION

1.

The velocity (ield] propeller performance, and thrust derivatives are well pre-
dicted for the range of velocities for which the theory is valid, i.e.,for values
of Va/Vo £ 1.35, which corresponds for air to a Mach number of approximately
.2 or greater. Vy is the average axial velocity at the propeller plane and Vg is
the free stream velocity.

The shroud pressure distributions were well predicted for V,/V, < 1. 35, except
in the leading edge region, where the agreement was fair, This region is weak

because of the leading edge singularity inherent in the theory and the application
of the approximate Riegels correction,

The net thrust (shroud plus propeller) comparisons of calculation and test are only
fair for V,/Vo £ 1.35. This is due to the limiting assumptions in both the inviscid
net thrust and shroud drag computational procedures,

IFor \'/'u/vo < 1,35, the higher harmonics are not required in the computation of
the shroud induced velocity, because their prime influence on performance is due
to the direet contribution ol the propeller which is properly accounted for by the
Goldstein Theory.
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4,0 (Continued)

5.

The centerbody has an effect on performance which is properly predicted by the
theory. The changes in performance due to changes in area ratio and propeller
locations are not influenced by the detailed shape of the test centerbody, although
there is an effect on the level of performance.

The corrections and additions to the theory resulted in better agreement between
calculations and tests for V,/Vo < 1.35,

The corrections and additions to the theory did not permit extension to low forward
speed and static regimes since they were not all inclusive. In particular, the

representations of the propeller wake, shroud thickness, and centerbody thickness
were invalid for this regime,
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RECOMMENDATIONS

Based on the reported investigations the following recommendations may be made.

USE OF EXISTING METHOD

1. TFor performance calculations in the static and low speed range, Va/vo 21,35,

use the Patterson method of Ref. 16 and 17 until a more rigorous method.
is developed.

2. Investigate the .effect on performance and pressure distribution of the first order

correction to the shroud boundary condition for a range of camber lires which
differ from those used in this report.

METHOD IMPROVEMENT

1. Investigate methods for the improvement of the inviscid thrust calculation and

shroud drag calculation by use of a more rigorous theoretical approach coupled
with empirical corrections.

2. Improve the representation of the pressure distributicn in the region of the leading
edge by studying means for eliminating the singularity.

3. Investigate the use of the shroud surface instead of the shroud reference cylinder
for the calculation of shroud surface pressure distr-ibution.

EXTENSION TO STATIC

1. Develop the method for use in the static and low forward flight speed regime,
using the T.A.R. static model of Ref. 18 as a starting point, and adding
the eftects of thickness, non-zero camber, variable propeller circulation,and
a representation of the propeller wake incorporating self-induced distortion.
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DISCUSSION OF METHOD ANL COMPUTER PROGRAM

MATHEMATICAL MODEL

Introduction

The treatment of the incompressible flow field of shrouded propellers developed by

Therm Advanced Research (T.A.R.) is the basis of the performance prediction method

uscd throughout this study. A detailed description of their work is contained in Rel.
1 and 2. A brief description of the model is given so that the changes and additions
incorporated during this contract will be easier to describe and understand. A pro-

peller fixed coordinate system is used, and the shroud orientation in this system is
shown in Fig. 1,

The theory as developed is a true three-dimensional theory. Its formulation is based

on a lifting line representation of the blades of the propeller. As a result, azimuthal

as well as radial and axial variations in flow properties are described. The mathe-

matical complexities associated with such a model are, as may be expected, formid-

able. In addition, the prime performance parameters, such as shroud thrust, pro-
peller thrust, and absorbed horsepower may be adequately represented by consider-
ing azimuthally averaged properties.

The azimuthal variations in the T.A.R. model are represented by expansion in a
Fourier series over the angular variable, 6 , which is defined ir Fig. 1. Itis
shown in Ref. 1 that the equations defining the coefficients for each harmonic de-
couple, permitting separate evaluation. It ig further shown that the solution for
the zeroth harmonic, or azimuthal average, is exactly equivalent to a solution in
which the propeller is represented by a non-uniformly loaded actuator disk.

The mathematical solution is much simpler for the zeroth harmonic than for the higher

harmonics, and since, as noted above, azimuthally averaged properties (i.e., zeroth

harmonic) may adequately define the performance parameters, only the zeroth har-
monic has been incorporated into the method. Evaluation during the course of this
program will then indicate whether the added complexity of incorporating the higher
harmonics is necessary.

In the following, a hriel description of the zeroih harmonie formulation and solution
is given,  For simplici.y the zeroth harmonic is formulated by congidering the
acutalor disk representation of the propeller directly, as opposad to the equivalent,
but more complex, method of considering the zeroth harmenic of the finite bladed
representation, Due to the exact equivalence of the two methods, the resulting
equations arc identical. The words zeroth harmonic and actuator disk will be

used interchangeably, since the two are exactly equivalent.
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Formulation of Mathematical Solution for Zeroth Harmonic

In the limit of the actuator disk representation of the propeller, there is no variation
of flow properiies with the angle © , so that all singularities used to represent the
shroud, propeller, and wake system must have axisymmetric flow fields. Thus, the
shroud camber line is represented by a distribution of vortex rings along the shroud
reference cylinder. The shroud thickness form is represented by a distribution of
source and sink rings along the reference cylinder. In the actuator disk limit the
shroud sheds no wake, since there can be no azimuthal variation of vorticity along the
shroud reference cylinder. The centerbody is represented by a line of three~dimen-
sional sources and sinks distributed along the cylinder center line. The propeller in
the limit of the zeroth harmonic is represented by an infinite number: of bound blade
vortices, oriented radially, whuse strength varies radially in accordance with the
propeller circulation distribution. This radial variation of propeller circulation gives
rise to a propeller wake which is made up of an infinite number of helical filaments,
set at the pitch corresponding to the ratio of free stream velocity to propeller tip
speed.

Having described the mathematical singularities used to represent the various elements
of the shrouded propeller, it is now necessary to specify their strengths. Tue source-
sink distributions arc obtained directly from the thickness forms, which for the shroud
arc defined relative to the shroud camber line. The shroud camber line is defined
such that a normal at any point on the camber line, drawn from the upper surface to
the lower surface, is bisected by the camber line. In this manner, the resulting
thickness form is symmetrical. For reasons of mathematical tractability, the T.A.R.
theory has been linearized by the assumption that the axial velocities induced by the
various singularitics are small compared to the free stream velocity. Consistent with
this assumption, it is possible to show that the shroud source-sink distribution is pro-
portional to the derivative of the thickness form with respect to chord, (See Ref. 3).

. The velocity field at any point can then be obtained by integration over the source-sink

distribution.

The original T. A.R. theory did not include the effects of centerbody, which for practi-
cal shrouded propeller geometries could be significant. Therefore, ITamilton Standard,
in conjunction with T.A.R., has incorporated csuterbody effects into the theory and
program. The details of the Hamilton Standard derivation are discussed in Appendix
11.1, and a brief description is given below. The centerbody is represented by a dis~
tribution of threc-dimensional sources and sinks along the shroud centerline., Again,
consistent with the linearization assumptions, application of continuity shows that the
strength of this distribution is proportional to the derivative of the centerbody thickness
form squared. Once the thickness form is specified, the velocity at any.point in the
flow field can be obtained by integration over the centerbody source-sink distribution.

The mathematical solution formulated by T.A.R. is such that the propeller radial

circulation distribution is pre-specified, making it possible to use the theory to design
a propeller geometry for the given distribution, but not to predict the distribution of
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a given propeller gecometry. This shortcoming was circumvented by use of an itera-
tive procedure, described in paragraph 6.2.4. Once the propeller circulation distribu~
tion is specified, the circulation of the wake elements is also completely defined and
the flow field due to the propeller and its wake can be obtained by use of the Biot-
Savart law.

The only singularity disiribution remaining to be specified is the vorticity distribution
representing the shroud camber line. This distribution must be such that the boundary
condition of no flow through the shroud wall be satisfied. Again, assuming that the
induced axial velocity is small compared to V, and that the slope of the camber line

is small, this boundary condition becomes (See paragraph 6. 2. 5e for derivation):

Ve (X) 0
€(X) = Vo )
where €X) = slope of the shroud camber line,
Ve (X) = radiai velocity along the mean camber line.

The radial velocity, Vy(X), consists of contributions due to the propeller and its wake,
the centerbody, the shroud thickness form, all of which are known within the synthesis
of the T.A.R. analysis, and the unknown contribution due {o the shroud vorticity. In
terms of these velocities, the boundary condition Eq. (1) becomes

Vy X)

Vo

Ve (% vy (%

0

Ve (X)

Vo

(2)

= €(X)

> Prop >C enterbody

Wake

\Y
> Shroud o

Thickness

>Shroud
Vorticity

where everything on the right hand side is known, but where the left hand side is known
only in terms of the unknown shroud vorticity Jdistribution. The relationship beiween
Vr(X)/Vo and the shroud vorticity distribution, ¥ (X), is given by application of the
Biot~Savart law to the ring vortices representing the shroud camber line, and results in
a double integral over the shroud surface. A-priori integration over the azimuthal vari-
able @ is permitted, since(X) depends only on axial distance and not 6§ . This integra-
tion is expressible in terms of Legendre functions and reduces the double integral to the

following single integral.

A _ -2
vy (%) YEy) 8K, ( AX, ) =
= o————t l  m— d y 3
Shroud -
Vorticity
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where Qy/2 = derivative of Legendre function:
X, = X/R \
Xy = position of shroud vortex ring
R = shroud reference cylinder radius
f 2R, =X - %,
Xg = X,/R
Xg = field point on shroud at which radial velocity is computed
E C = shroud chord
'5 A = shroud chord/diameter ratio - C/2R

Substitution of Eq. (3) info Eq. (2) results in an integral equation for the unknown
; shroud vorticity distribution Y(Xy), i.e.,

A 2 — —_ —
"X,) AX AX (X)) Vp(Xe) Vo(Xs)
/(\) Sy <1+ Xy >dXv"€Xs)‘ rifg) ) Vilsg JTs))
: —A Shroud  Prop Center-
.,} Thickness Wake body

It should be noted that due to symmetry considerations, the propeller bound vorticity,
as represented by the actuator disk, does not induce a radial velocity at the shroud
y camber line, although the propeller wake does,

i The T.A.R. mathematical solution of Eq, (4) for the zeroth harmonic is discussed in
detail in Ref. 1 and 2. A brief description of the solution is given below. The
evaluation of VI in terms of propeller circulation is discussed in

o prop wake
14 Appendix 11.7. Eq. (4) is solved by transformation to the Glauert variable ¢, defined
by X==A cos ¢ and expansion of ¥ (Xv) into the following Glauert series

.)_'.(?V b°° cot by, z " sinv ¢,
Vo .
where the summation on v is carried out until the desired accuracy is obtained.
Substitution of this expansion into Eq. (4), transformation of the variable of integra-
tion from Xy to the Glauert variable @y results in an integral equation in terms of
the unknown constants by, ..
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The solution of this equation for the by ,'s is based on an iteration procedure in which
initial values for the by 's are obtained by using a representation of the shroud vorti-
city distribution which neglects the curvature of the rings. This representation re-
duces the problem to that of classiczél_ﬁlin airfoil theory. The initial values of the
by ,'s thus obtained are designated by, . The solution for the three-dimensional by, ,'s
is complex and described fully in Ref. 2, along with the two-dimensional solution.
The resulting expressions for the b ou's in terms of the b2- can be expressed concise-
ly in matrix form as follows. ov
2-D
Doy ‘

bo V]l = [[1] +[7] + [P 2+....[p]j.;;l

Where the matrix [P] depends only on the shroud chord to diameter ratio and is tabu-
lated in Ref. % for a range of A's. Note that [P] J is defined as the self multi-
plication of [P] jtimes. The ([I] + [P] +...[P] J) matrix should be carried
out to the point where the elements of [P] J are negligible compared to the sum of
the previous terms, the power j of the last term representing the number of iterations
necessary to obtain convergence,

2-D
The column matrix {bo v }is defined by the following set of equations in terms of the
known radial velocities and camber on the right hand side of Eq. (4), and is the result
of the classical thin airfoil solution mentioned above.

2-D 2 d
boo = = /;e ddg
0

| m
I
”'ﬁf‘-c cos ppy A9 g

(o]

e

o URE e RSO L A
A - ~

14.‘
=
C w
< |
Z

where

) Vy Vr
Vo / Shroud V;) Prop T/’X) Center-
Thickness Wake body

236— Vy
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The above paragraphs briefly described the formulation and T.A.R. mathematical
solution for the zeroth harmonic. It is a linearized theory which accounts for the
effects of shroud geometry, propeller circulation distribution, radius and location,

and centerbody shape and location. Inherent in the linearized treatment of the problem
arc certain restrictions on the applicability of the method. Thesc restrictions, and
the attempts during this program to alleviate them will be the subject of the following
paragraphs.
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LIMITING ASSUMPTIONS OF THERM ADVANCED RESEARCII MODEL

Iniroduction

Due to practical considerations dictated by the need for mathematical tractability,
certain simplifying assumptions to the mathematical model were necessary. These
assumptions, which were discussed briefly in paragraph 6.1, manifest themselves as
limitations on the applicability of the theory to certain regimes of operation. During
the course of this contract, attempts were made to alleviate certain of these assump-
tions, in hopes of extending the applicability oi the theory to a wider range of operat-
ing conditions. The nature of these attempts and their success or failure in improving
the comparisons of test and theory are the subject of this section.

The following represent the major assumptions and the areas in which improvements
fo the theory were investigated.

L. Usc of Zcroth Ilarmonic

2. Incompressible Flow

3. Input of Propeller Circulation Distribulion

4, Lincarization
The evaluation of these improvements is carried out at a Mach number of . 3. The
value is low erough to make compressibility effects small and yet high enough to sat-
isfy the requirement that the perturbation velocities be small compared to Vo'
The effect of these corrections at the lower Mach numbers is considered in Section
7.0, where extensive comparisons of test and theory are made for the complete Mach

number range.

Discussion of Zcroth Harmonic Assumption

Exclusion of the higher harmonics is dictated by the need for a mathematically tract-
able solution and computer program and in this sense is not a limitation of the theory
(since the ull theory as derived includes the effects of the higher harmonics). The
validitly of this assumption depends primarily on how well the theorctical and nxperi-
mental performance results compare,

Consistent with the zeroth harmonie assumplion is the representation of the propeller
as an acluator disk, In evaluating the thrust and torque of the propeller, il is neces-
sary o obtain the velocity diagram at each blade station. This diagram is shown in
Fig. 2 for a typical radial position, with the induced velocity broken down into its
various components. The shroud and centerbody induced velocity are obtained from
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the zeroth harmonic T.A.R. theory and are discussed in Appendix 11.6. However,
instead of obtaining the propeller wake induced velocities from the actuator disk re-
presentation of the propeller, a partial accounting of the higher harmonic content of
the propeller induced velocities is obtained by the use of the Goldstein three-dimen-
sional represcntation of the propeller wake, (Ref. 4 & 5).

Hamilton Standard's experience with this method in the design and performance pre-
diction of frec air propellers i f~ ard flight has shown that it accurately predicts
the induced velocity field of the ... .. .ler wake. :

A distinction should be made at this point to clarify the role of the propeller. Its
influence on the velocity diagram is twofold. An indirect influence exists through the
shroud vorticity distribution, which gives rise to the shroud induced velocity of Fig.
2. 'The propeller influence on shroud vorticity, and, therefore, shroud induced vel-
ocity, enters through [q. (4), which is valid for the zeroth harmonic and requires the
actuator disk representation for the propeller. The direct influence involves the in-
duced velocitly at the blade due to the propeller wake. This velocity is best repre-
sented by the threc-dimensional Goldstein theory.

An estimate of the magnitude of the higher harmonics and, thercfore, the validity of
the above represetations of the propeller induced velocity is afforded by the study of
the pressure histories obtained during the test program. These data were obtained

by two pressurc transducers mounted in the shroud inner and outer surfaces just up-
stream of the propeller. The pressure fluctuations on the outer surface were small
and indistinguishable for the most part from the inherent background noise signal.

The inner surface fluctuations were much larger and resulted in usable traces. For
purposes of estimating, the magnitude of the higher harmonics, this inner signal, since
it is closest to the propeller, represents the velocity field of most interest. The fol-
lowing discussion is, thercfore, limited to consideration of the inner trace.

The veloeity at the transducer consists of contributions from the propeller, its wake,
and the remaining singulavities used to define the shroud and centerbody. As dis-
cussed above, the direct conlribution of the propeller wake to the velocitly diagram as
calculated by usce of the Goldstein method accounts for the higher harmonics, The in-
direct effect, however, does not, since it manifests itself through the shroud induced
velocity, which is based on the zeroth harmonic representation. The time history of
the shroud induced velocitly, or its equivalent shroud induced pressure, would be in-
dicative of its harmonic content and, thevefore, the validity of the zeroth harmonic
representation. If the amplitude of thc shroud induced pressure is small compared to
the amplitude ol the measured pressure, the major portion of the harmonic content 1s
due to the propeller and wake, and as discussed above, is properly accounied for by use
of the Goldstein method and the zeroth harmonic calculation for the shroud induced
veloeity. If not, inclusion of the higher harmonics is necessary for the calculation of
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the shroud induced velocity,

An estimate of the harmonic content of the shroud induced velocity was made by sub-
tracting the pressure conftribution due to the propeller bound vorticity from the exper-
imental pressure history. A complete accounting of the propeller contribution would
also require the subtraction of the wake induced velocity. This entails the calculation,
as a function of azimuthal angle, of the velocity field due to the propeller wake at the
azial location of the pressure transducer, which is 0. 075 shroud chord lengths upstream
of the propeller disk. Methods for calculating this velocity were investigated and found
to be formidable. In addition, the proximity of the transducer to the prcpeller bound
vortex implies that much of the propeller induced azimuthal variation should be due

to the bound vorticities. TFor these reasons, only the bound contribiitions were sub-
tracted out since these could be evaluated with a reasonable amount of work., The
derivalion of the equations for the velocity ficld of the bound vortices is included in
Appendix 11.5.

The relationship between the shroud surface pressure and velocity is given by Bernoullits
cquation written for a coordinate system rotating with the propeller. This is shown in
Eq. (5).

- P) ®)

where w = velocity relative to a point in the propeller fixed coordinate system and
contains no time varying quantities since, in this propeller fixed system, all the flow
properties are steady. The time varying pressure field observed from a ground fixed
coordinate system is equivalent to the azimuthal pressure variation observed in the
propeller fixed system. Thus, the pressure histories obtained from the test program
caii be immediately converted to azimuthal pressure variations in the propeller fixed
system. The following discussion is based on the use of a propeller fixed coordinate
system. The velocity W can be written as follows, in terms of its various components

;: (We +Vp) To + (Wx + Llp) i_--

X

wherce
Vp = tangential component of the propeller bound vortex velocity
up = axial cbmponent of the propeller bound vortex velocity
W Wy = velocity relative to blade exclusive of propeller bound vortex

velocity
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Its magnitude squared becomes

wz = (WO + v

2
)

2
+ (wX + up)

or

w2=w92+wx2+2v w0+2u w. +u2+v2 (6)

P p X P IS
Defining a total pressure coefficient Cp as 0 , Eq. (5) becomes
9
Cp=1+ - (M
vZ v?
o o

It is this Cp that results from the pressure history obtained in the test program and is
a known function of @ . A partial pressure coefficient can be defined in terms of We 2
and wxz, the velocities duc to everything but the propeller bound vorticity. Signifying
this velocity and pressure coefficient by the subscript s, there results from Eq. (6):

wsz'—‘w?'-(ZVp Wo vl~2up wx +tu 2 +Vp2) (8)

Y

Eq. (7) can be solved for w2 ag follows

292
w2 g, T - C 9)
‘\}';Z"' . p

V0

Substituting Eq. (9) into Eq. (8), there results

9 .
Vs e 2 Vp W, 2 up W un? 4y
:1.}. __Cp _( p_Wg + p "X + o) VD )(10)

2 2 2 2 v 2
v 1 Vo A U

From Bq. (7), Cpg, tho partial pressure coefficient, becomes

Cpg = 14 - 11)
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Substituting Eq. (10) into Eq. (11), the equation for Cps becomes

2 Vp ¥, 2
v o] VO VO v (o]

Cps =Cp +

Now wy and L7 represent the velocity relative to the propeller fixed coordinate sys-
tem. The velocily diagram below shows that wg and wyg are made up of components
due to the axial free stream velocity, propeller rotative speed, and the velocities
(ug and v,) induced by all singularities except the propeller bound vorticity.

r
In terms of these components, wy and Wg become

Wy =V, + Ug

Wy = TQ+v
6 e
Subsiituting these expressions for wyg and Wo into Eq. {12) Cpg becomes

2 vpxz'g_ -, 2w Vo L 2vpVe 2uy ;e . un22 . sz )
V. \ 2 2
° Vo Yo Vo Vo Vo

CpS = Cp +

The quantities w,, ug, v, v, represent the velocities induced by the singularities

in the [low field, and are all small compared to V,. The last 4 terms of Iq. (13) are
therefore seen to be of second ovder compared to the remaining first order terms
and can be neglected. Equation (13) thus reduces to Eq. (14)

18
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c = 2 vpr Q2 u
ps = Cp + =P—+2 2 14
Vo2 v, 14

which relates the partial pressure coefficient CpS to quantities which are known either
analylically or expcrimentally.

The pressure coefficient on the right hand side, Cp » is known from the test data, and
the velocity components up, Vp due to the propeller bound vorticity are known analy-
tically, as described in Appendix 11.5. Thus, everything on the right hand side is
kFnown as a tunction of azimuthal angle. The evaluation of Eq. (i4) results in the
azimuthal variation of the pressure coefficient based on all velocities except those
due to the propeller bound vorticities, and should give a qualitative indication of the

importance of the higher harmonics in evaluating the shroud induced portions of the
velocity,

Eq. (14) was evaluated for the pressure history corresponding to run number 681-10
in Ref. 15. The operating condition was:

N = 6502

J = 1,276
Cp = 0.428
CT prop = 0,249
M = 0.3083

The total pressure coefficient is plotted in Fig. 3. Using the propeller circulation
distribution computed for the above case, the velocities induced by the propeller bound
vortex, Up, Vps Were computed as outlined in Appendix 11.5. The partial pressure
coefficient Cpg was then obtained from Eq. (14) and is also plotted on Fig. 3. The
amplitude ot the partial pressure coefficient is reduced by 54%, indicating that about
halfl of the harmonic content is due to the propeller hound vorticity.

Inclusion of the woke induced velocity would lower the amplitude of the sccondary
pressure coelficieat even further.  Thus a large portion of the harmonic content is

due diveetly to the propeller and is accounted for by the use of (he three-dimensional
Goldstein theory.
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The excellent agreement exhibited in paragraph 7.4 between test and theory further in-
dicates that the harmcnic content of the shroud induced velocity, which is not accounted-
for by the theory, is small enough to have a negligible effect on performance.

In summary, il appears that the cffects of the higher harmonics are duc primarily to
the direct contribution of the propeller. The indirect contribution which manifests
itself through the shroud induced velocity appears to be secondary in nature. Thus,
incorporation of the three-dimensional Goldstein analysis for the velocity field of the
propeller accounts for a significant portion of the higher harmonics, results in an
accurate performance prediction method, and eliminates the necessity of accounting
for the higher harmonics in the shroud induced velocity calculation.

Discussion of Incompressibie Flow Assumption

The assumption of incompressilile flow is not severely limiting unless the free stream
Mach number is high or the shroud area ratio and/or thickness form is large. For
thosc cascs where compressibility effects can be significant, a study of the applica-
bility of the karman-Tsicn (K-T) corrcction to the flow field was undertaken. As de-
rived, the K-T correction is applicable only to two-dimensional [low. Since ‘the flow
about the shroud is axisymmetric, the governing compressible {low cquations must

be written for a cylindrical coordinate system. The K-T correclion, however, is
based on use of the flow cquations writlen for a two-dimensional Cartesian coordinate
system. These cquations are listed below in terms of the velocity potential ¢, and
speed of sound 6,

¢
("—cT" bre +[1 - S ¢Zz___j.’§___¥.___ 6+ 2x =g
\ \

¢ . ¢z2 29 %P,
1"""'2"")¢xx+ 1-"_05—"—"" (/)zz——:;_(pzx:()

where ¢y represents o%—?— , ete. Since ¢r, the radial velocity, is small, the two
equations are seen to approach each other as r gets large. Thus, for flow about the
shroud, where r tends to be large, the two cquations are similar if ¢r is small and
the K-T' pressure correclion may be applicable. Near the shroud cenlerline, where
r is small, the equations differ and the K-T correction is definitely nol applicable.

Comparison of theoretical and experimental shroud pressure distributions for the 1,1
and 1.3 arca ratio shrouds for the , 3 and .5 Mach number cases are shown in Fig, 4
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throagh 7. The pressurc coefficients in these figures has been corrected for the singu-
larity in leading edge pressure due to the shroud camber line vorticity distribution by
use of the Riegels factor, whick will be discussed in paragraph 6. 2.5¢, but do not in-
corporale the K-T correction. The agreement of the incompressible theory with the
test data is good for both Mach numbers.

The 'l{,i eement on the outfer surfflce for the .3 Mach number case is very good. At
M = .5 the agreement is good except in the leading edge region. However, due to
apphcatlon of the Riegels correction, which at best is approximate, the resulting
pressure distributions in the leading edge region cannot be expected to be highly r.ccu-
rate. Application of the K-T correction would improve the agreement in the leading
edge region somewhat and worsen it from the quarter chord point to the trailing edge.
On the inner surface, for 0. < X < .2 the theory is seen to predict pressure co-

C
efficients which are more negative than the data, indicating over-estimation of the
velocity magnitude. Application of the K-T correction would cause .the pressure
coefficients to become even more negative. It appears then, that the over-estima-
tion of velocity by the incompressible T, A, R, theory in the leading edge region tends
to compensate for the effects of compressibility. In view of these observations,
coupled with the questionable applicability of the K-T correction to axisymmetric
flow flelds, no direct account will ke made in the program for compressibility
effects on the shroud pressure distribution.

The propeller velocity diagrams have not been corrected for the effects of compres-
sibility because, as discussed above, the K-T correction becomes invalid as the in-
board stations of the propeller arc reached. In addition, it has been Hamilton Standard's
expericnce that compressible propeller performance is well predicted by using the in-
compressible Goldstein solution with compressibility effects accounted for only in the
airfoil data.

Inclusion of Propeller Geometry

The usefulness of an analytical prediction method for shrouded propellers depends in
part on its ability to predict the performance of a given shroud and propeller geometry.
The T.A.R. theory, 25 discussed in paragraph 6.1, requires that the propeller circula~
tion distribution be specified. This approach permits the definition of the propeller
geometry consistent with the specified circulation distribution but cannot predict the

. circulation of a propeller whose geomelry is pre-defined,

To climinate this shortcoming, Hamilton Standard has devised an iterative method
which permits propeller geometry instead of circulation to be used as an input. The
essence of the method is as follows.

a)  The propeller geomelry is defined, i.c., the blade angle, chord, and airfuil
scetion are specified as functions of blade radius; the airfoil lift and drag

characteristics are also specified.
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6.2.4 (Continued)

b) An initial estimate is made for the induced velocity in the propeller plane
ate o shroud vociicity (he tuicknes: and centerbody induced velocities are
Lknown i terms of the shioud and cediter budy thickness forms, as discussed
iu paragraph 6.1).

¢) . The Goldstiein strip theory is then used to obtain the propeller circulation
and propeller induced velocities at each station. An iterative process is
involved in this computation, as described in paragraph 6. 6. 2.

d) Having an eslimated propeller circulation, the shroud vorticity distribution
is determined and the shroud induced velocity at the propeller plane com-
puted.

e) This computed velocity is compared with the initial estimate. If the two
apree within a specified tolerance, the solution is complete. If not, a new
estimate is made and the procecs repeated until convergence of the velocity
field results,

Experience with this method indicates convergence requires 4 to 5 iterations. The
computer progia:n has been written to include the iterative process and is described

more fully in paragraph 6.6.

Discussion of Lincarization Assumptions

Introduction

The greatest restrictions imposed on the T.A.R. model result from the linearizations
necessary to make the thecory mathematically tractable. These linearizations require
that the induced velocities due to the various singularities in the flow field be small
relative to the [ree stream velocity, which in turn requires that the camber and thick-
ness be small.

Due to these restrictions, exiension of the theory to low [ree stream velocities, or
for a high f{ree stream veloeity, to large cambers and thicknesses, is questionable.
Since both of these arcas are of interest, various investigations were made during the
coursc of this contract to remove some of the linearization assumptions inherent in
the model. These investigations will be discussed in the following paragraphs and
arc divided into three categorics:

1. Representation of Shroud and Centerbody Geometry

2. Representation of Propeller and Wake

3. Satislaction of Shroud Boundary Conditions

27
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6. 2, 5b Representation of Shroud and Centerbody Geometry

6.2.5

-

C

The centerbody is represented by a distribution of sources and sinks along the shroud
centerime. The shroud geometry 1s representea vy a disiribution of source-sink rings
and vortex rings along the shroud reference cyiinder, the source-sink rings cepre-
scnting the thicikness and the vortex rings representing the camber. Consid.raiion
was given o redistributing the shroud singularities along the meas camber Linc in-
stead of the shroud recrence cylinder. This, however, would entail major changes
in the equations defining the shroud induced velocities. In addition, changing the
shroud reference cylinder radius from that defined by the T.A.R. theory (i, e., the
intersection of the camber line with the propelier plane) to the shroud trailing edge
had a secondary effect on the shroud pressure distribution and propeller performance,
indicating that the added mathematical complexity required by the modification would
result in only secondary changes and is, therefore, not warranted.

In computing the shroud pressure distributions, the velocity at the shroud surface is
approximated by its value along the shroud reference cylinder. The error inherent
in this assumption was investigated by computing the velocity distribution in the plane
of the propeller from the shroud reference cylinder inward towards the centerline.
The true shroud surface velocity at the propeller plane was then compared with the
velocily at the shroud reference cylinder. This velocily was converted to a pressure
coefficient, and the ratio of the difference in pressure coefficient divided by the pres-
sure coefficient at the shroud reference cylinder is plotted in Fig. 8 as a function of
propeller power coefficient for the 1.1 (B1) and 1.3 (B4) area ratio shrouds. The
change in pressure coefficient is of the order of 4-12% depending on the propeller
power coefficient. However, the effect of using the shroud surface is to increase the
pressure coefficient at the propeller location, which would cause poorer agreement
between test and theory. The effects of compressibility tend to compensate for this
increase in pressure coefficient and account in part for the good agreement exhibiled
between test and theory. The fact that differences on the order of 4-12% can occur
indicates that consideration should be given to the calculaticn of velocities on the
shroud surface. This entails a change in the velocity equations, a corresponding
change in the computer program, and a slight increase in computer time. It is recom-
rended that this modification be further investigated and incorporatced during future
gtudics,

Ricgels Factor

The distribution of shroud vorticity along the reference cylinder results in a singular-
ity in velocily al the shroud leading edge. This singularity causes the pressure co-
efficient to approach minus infinity at the leading cdge, rendering the leading edge’
results invalid. Such a singularity is inhercnt i all thin airfoil theory and is obscrved
in the classical solution for the flow about a flat plate (See, for example, Ref. 6).
Removal of this singularity has been incorporated in the program by application of a
correction due to Riegels (Ref. 7). This correction eliminates the singularity at the
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EFFECT OF FIELD POINT LOCATION ON SHROUD PRESSURE COEFFICIENT

POINT ON INNER SURFACE OF SHROUD, AT
PROPELLER PLANE

ACpress = Cpress — CPRESS/S
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6.2, 5¢ (Continued)

leading edge by treating the flow as thcugh the leading edge were elliptical instead of
the sharp edge representative of the reterence cylinder vorticitly distribution. The
correction is given in terms of the slope of the thickness form and is applied to the
velocity calculated by the linearized theory, i.e.,

v - M lincarized (15).
corrected —
L +(d 2)2
d=x
where V.. . is the tolal velocity al some chordwise position based on the
linearized

linearized theory and dy/dx is the slope of the thickness form. This correction is
significant only in the leading edge region, where the rate of change of thickness with
chord is large and approaches infinity at the leading edge. In the program, this correc-
tion is applied from the leading edge to the point of zero slope of the shroud thickness form.

The velocity, & is composed of contributions from the shroud source-sink

v linearize
distribution, propeller wake, and centerbody as well as the shroud vorticity. Of these,
the shroud vorticity and source-sink contributions are unbounded as the leading edge

is approached, and warrant further investigation. Note that the shroud source-sink
contribution is unbounded because, within the linearized assumptions, the source-sink
distribution is proportional to dy/dX, which is infinite at the leading edge. It is neces-
sary then to investigate the limit of Eq, (15) as X — - A, (i.e., as the shroud leading
edge 1s approached). To do this, it is necessary to investigate only the singular terms
of the velocity contributions, since the non-singular terms approach zero with appli-
cation of the corrcction. TFor the shroud source-sink disiribution, this term is of the
form,

Vihick = Aln
+1

>| | >l
a

where A is a constant.

The shroud vorlicity equation takes the form,
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Before substituting Eq. (16) and (17) into (15), the thickness form must be ex-
pressed in terms of X. In the T.A.R. theory, the thickness form, ¥, is expanded
into the following series.

T=8,V T+ A +z A, @+ A"
n

into Eq. (15), the value of the corrected velocity becomes

W

| IS - L)
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Standard Re
G.2.5¢ gContinued)
— 1 = 7
vort ~ — (17)
{142
| A N

(18)

Taking the derivative cf Eq. (18), retaining only the singular term, and substituting

Aln| — 5 — 2\ 1/2
%A+ 1 (1) 7
. . (19)
lim V = lim +
Y corrected Teorla ~1/2 A _ -1/2
0 (%4 o (x4 A) N
L2 2
The limit of the first term in Eq. (19), representing the thickness contribution, is
zero, whereas the limit of the second term becomes
2b
= 0o ‘
li_m Veorrected = A 2\
X —= <A (o]
where Ay is relaled to the shroud leading edge radius.
13 31
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Application of the Riegels correction thus causes the singularity due to thickness to
become zero and the singuiarity due to camber to approach a finite limit, Ihe results
of appiying this factor (o a iypical case are shown in Fig. 9 and 10. The dotted line
represents the uncorrecied iinearized theory, the solid line represents the corrected
theory, and the symbo’s represent the test data. The agreement with tesi b the lead-
ing cdge region greatly imnroved, not only for the case shown, but for all cases inves-
tigated (See for example Fig. 4 thru 7). This factor has been incorporated in the
program, and all pressure distributions are corrected by its application.

In summary, the shortcomings of the shroud and centerbody representation discussed
were:

a) The usc of a shroud reference cylinder for the distribution of vorticity and
sources and sinks.

b) The use of the reference cylinder instead of the shroud surface for ‘omputa-
tion of velocity.

c) The singularity in pressure coefficient. at the leading edge inherent in thin
airfoil theory.

The effect of incorporating item (a) appears to be small and is not warranted because
of its added mathematical complexity. Item (b) was seen to be significant for thicker
shrouds such as the 15% thick shroud of this test program, and it is recommended that
any further activitics include this modification, The singularity of item (¢) repre-
sented a serious limitation on the usefulness of the pressure distributions, but, as
was shown, the Riegels correction eliminated the singularity and greatly improved the
agreement betwecen test and theory.

6. 2. 5d Representation of Propeller and Wake

Having discussecd the limitations of the shroud and centerbody representation, dis-
cussion of the propeller and its wake remains. In defining the flow field of the pro-
peiler, be it actuator d-sk or finite bladed, it is necessary to snecify the pitch of the
helical sheets which represent the propeller wake.

The geomelrie piteh of the yeopeller, defined as the axial distance a blade element

lr.vels in one revolulion,is given as

P/R =27 Vo/RyQ

and is invariant with radius.
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The actual pitch of a helical filament, which, in reality is convected downstream by
the local velocity, is a function of radius and is given as

where the tangential induced velocity is neglected relative to R, and where V, is the

axial velocity at the blade, and includes the induced velocities. TFor the light loading
case at high forward speed, Va3 ~ Vg, and so

Py 2% P
Rp RPQ Rp

These are the conditions under which the assumptions that the wake pitch is constant
and equal to the geometric pitch are valid.

FFor shrouds with large thickness ratios and/or camber lines, or for low forward speed,
the shroud induced velocity can be large compared to V,, and so the assumption that
Va= Vo Is invalid. It is necessary, therefore, to replace the geometric pitch by

the actual pitch in describing the propeller wake. This is an integral part of the
Hamilton Standard method for calculating the propeller wake induced velocity and so
needs to be accounted for only in the expression for the radial velocity ai the shroud

reference cylinder due to the propeller wake. This velocity is given in Ref. 1
in terms of Jo', the geometric advance ratio, as

u

Ve _1 B

-(/:—«7271'2/
o

where Jz), the geometric advance ratio is defined as the tangent of the geometric pitch
sngle and i given by
. Vo _
do o wpe

T (7 12
v
J

35

s s — S

L e

W




-K:-v’ T N T et o .

!
t oy . HSER: 4776
S Hamiiton
-, \-03 s OVISION OF UNITED AIRCRAFT CORPORATION VOluIne I
T Standard As
; 6. 2. 5d (Qontinued}
? In the spirit of the discussion above, the definition of advance ratio should be based
a on the local piteh, i.e., o
: J! _Va = 39 (Fy)
i 27500 v
g

A P
LafE T e

]

To evaluate Vg, it is necessary to know the shroud and propeller induced velocities.
. Since Hamilton Standard has altered the T.A,R. method to accept propeller geometry
) by iteration on Vj, it is straighforward to include the evaluation of J'9 at the end of
each iteration. As noted, the effect of wake pitch is accounted for in the propeller
induced velocities through the use of the Hamilton Standard propeller theory.

A preliminary investigation into the use of J Lasa function of radius in Eq. (20) (i.e.,

a distorted heiical wake), indicated that a major change ir the integration method was
required. Instead, J3 was defined in terms of the average axial induced velocity over
the disk and was thus not a function of radius. Use of J} so defined, instead of Jj , in
Eq. (20) then becomes a matter of straight-forward substitution. In this manner, a
better representation of the wake was obtained with little added cost in complexity and

. computer time. The good agreement between test and theory exhibited in paragraph 7.4

further justifies this approach.

The propeller thrust and power coefficients as functions of blade angle calculated by
use of J}, and Jg are compared in Fig. 11 for the B1-3WT and the B4-3WT shrouds.

A Mach number of about 0.3 has been used for the comparison. The effects on per-
formance are seen to be negligible for both area ratios, although the use of Jj tends

to give slightly higher values of Cp and CT prop. The comparison of these calculations
with experiment is shown in Fig. 12. Due to the small differences between the two
.nethods, both have been plotted on a single line. The predicted variation of propeller
thrust coefficient with power coefficicnt is seen lo agree very well with the data. The
blade angle agreement, on the other hand, is not as good. For a given power coeffi-
cient the predicted blade angles are higher than the experimental values. As is shown
in the following scction, this agreement is improved by use of a correction to the
propeller wake representation which accounts for the proximity of the shroud.

S A R < Tl NP SRS IR,

The shroud pressure distributions resulting from the use of J}, and J§ are tabulated

in Fig. 13 for the B1L-3WT only, since the conclusions for the B4-3WT arc the same.

Again the effect of the advance ratio definition on pressur~ distribution is quite small.

The test values arc also shown in Fig. 13, and as can be .aen the comparison hetween

test and theory is very good, except for the leading edge region. The disagreement in

the leading edge region is typical and has been discussed previously. At the lower

Mach numbers, a more pronounced effect is noted and will be discussed In paragraph 7.4.2.
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EFFECT ON THEGRE TICAL PERFORMANCE OF §
USING J{) OR J; IN EQUATION (20) ;
B1—3WT
M = 3053
= 1.5087
15 33
[+]
03/4 CT PROP Cp CT PROP Cp i
¥
?
30 .0310 .0582 .0312 .0584 ’
34 0919 .1581 .0922 .1584
38 .1485 2679 1491 .2687
42 2019 .3884 .2028 .3896
B4—3WT
=.310 ,:
J =151 ;
b4
; {
Jo Jo . i:‘
° ¢
0 CT PROP cp CT PROP Cp §!
3/4 !
38 0724 1521 .0726 .1526 ;
42 .1363 2936 1369 .2948 :
46 .1956 4452 .1968 4472
50 2483 .6059 2498 .6083 y
4
|
i
i
FIGURE 11,
i
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6 3/4 DEGREES
% 8 8 58 &

(7
L

32

30

1l 11 1 s 1Ll
HHE t i
o ~ :
3 t
1 e 114
t !
H
+
1 A
il 1 8
IT
E ¢
1
— \
B1—3WT(A.R.=1.1)
£ ot M = 3053

J =1.5087
B4—3WT(A.R,=1.3)
M= 310

J =1.511

2 .3 A 5 .6

POWER COEFFICIENT, Cp

L T O T T e T LIl

PROPELLER THRUST COEFFICIENT

BI—3WT | ;
E THEORY (J2 OR .Jo)
S @ TEST
B4=3WT

HHE — — THEORY (J4 OR Jg)
2hE m TEST SEmn 12k i
g 1 § _H; T i+
& +H- T [}
P 1 1
)
B -
O 1 T

POWER COEFFICIENT, Cp
FIGURE 12,
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EFFECT OF J(’) & Jz’ ON SHROUD PRESSURE DISTRIBUTION

B1—3WT
M = ,3053
J = 1.5087
= 38°
63 /44
THEORY TEST
30 J
X/C | INNER | OUTER || INNER | OUTER || INNER| OUTER
.0125] .7137 |—1.0985¢] .7330 }|—1.1409}] .150 —1.1
.025] .1228 |—1.1748}|] .1524 }—1.2002|]] —.20 ] —1.2
05 |—.6535 |—1.0585]} —.6194 | —1.0835¢f] —.57 | —1.08
.075]—.9587 | —.8708 ]| —.9263 | —.8902 —.72| —0.8
10 | —.9985 | —.6999 [ —.9690 | —.7155 —741 —0.76
15 | —.7827 | —.4753 }| —.7597 | —.4867 —.,60 ] —0.42
20 1 —.51701 —,3824 |} —.4991 | —.3917 —.35 1 —0.35
.25 | —.3189] —.3669 || —.3048 1 —.3746 —.29 | —0.37
.3 | —.1953] —.3830 || —.1842| —.3897 -25| —0.31
4 | —.0906] —.3913 || —.0840}§ —.3958 — 151 —0.28
S5 |—.0541] —-.3112 || —.0515] — 3142 - 05| —0.20
.6 | —.0067] —.2080 —.007 | —.2097 .05 —0.12
7 .0856 | —.1396 .0836 | —.1409 Jd2 —0.05
.8 ] 1839 | —.1119)| .1811 | —.1134 19 0.02
9 2460 | —.0152 .2432 | —,0169 .25 0.15
.95 .2809 1254 2781 1237 .28 0.12
FIGURE 13,
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In calculating the propeller wake induced portion of the velocity diagram, the Gold-
stein representation of the wake is used. This representation assumes that the wake
is-igolated and therefore does not account for the presence of the shroud. Ref. 8 by
Goodman presents a correction to the flow field of the propeller wake in the presence

of a wall. The flow about the edge of the true helical wake is approximated by an

array of semi-infinite flat plates whose spacing is equal to the pitch of the helix,

while the wall, which extends from plus infinity to minus infinity, is placed a distance d
away, as shown in Fig. 14. The derivation of the correction and its application to

the Goldstein representation of the propeller wake are discussed in detail in Appendix
11.2,

The correction is derived for the case of a wall extending to infinity. In the shrouded
propeller case, the wall, which represents the inside surface of the shroud, does not
extend to infinity and is adjacent to the wake for only a finite distance downstream.
Hewever, in computing the velocity field of the propeller wake, the elements of wake
vorticity in the immediate vicinity of the propeller have the largest contribution. It
is this portion of the wake then that should be represented as accurately as possible,
prompting the use of the Goodman correction. The error intrcduced by assuming the
shroud extends o infinity should be small except for those cases in which the propel-
ler is located near the shroud trailing edge. For the geometries involved in this pro-
gram, this was not the case and the correction should be valid.

The effect of this correction on the analytically predicted performance and shroud pres-
sure distribution for B1-3WT and B4-3WT are shown in Fig. 15 through 17 for the .3 Mach
number case. The tabulation of Fig. 15 shows that for a given blade angle the power
and thrust coefficients are increased by application of the correction. The predictca
and experimental results are compared in Fig. 16. The propeller Cy versus Cp

plot shows excellent agreement between test and theory and a negligible effect of the
Goodman correction on the theoretical predictions. A significant change results in

the blade angle versus Cp plot. The application of the Goodman tip correction greatly
improves the correlation between test and theory. Fig. 17 indicates that the tip cor-
rection has a small effect on the shroud presgure distribution and that agreement be-
tween test and theory is fair.

The improved agreement brought about by application of the Goodman tip correction
can be understood by inspecting Fig. 4-5 of Appendix 11.2. The factor F is directly
proportional to the blade loading or circulation, whereas I is proportional

by
to (1- EY—-)‘. As Ty — Rp,f — 0, so at the tip, I’ = 0 and the circulation is zero. The
P
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MODEL FOR TIP CORRECTION
WALL
FLOW —
DIRECTION

e

PLATES REPRESENTING PROPELLER

WAKE

FIGURE 14,
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EFFECT OF GOODMAN TIP CORRECTION ON THEORETICAL PERFORMANCE

(J5 USED IN EQUATION 20 ).

B1—3WT
M = .3053
J =1.,5087
. NO GOODMAN ||WITH GOODMAN
93/4 Ct PrOP | Cp || ¢ PROP| CP
30 .0312  |.0584]| .0330 |.0608
34 0922 | .1584][ .1012 |.718
38 1491 [.2687]] .1654 ].2940
42 2028 [.3896 .2256 _1.4291
B4A—3WT
M =31
J =1.511
g0 NO GOODMAN ||WITH GOODMAN
3/4 |{ €T PROP| CP || CT PROP| CP
38 .0726 | .1526]] .0809 ].1674
42 1369 1.2948]| .1542 |.3270
46 1968 |.4472| 2229 [.4999
50 .2498 [.6083]] .2814 [.6824
FIGURE 15,
42
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EFFECT OF GOODMAN TIP CORRECTION —
PERFORMANCE COMPARISON OF TEST & THEORY
" J5 USED IN EQUATION (20).
NO CORRECTION a1
WITH CORRECTION
44 NO CORRECTION e
-+ ﬁ-——— Py
42 : Sis ;
ﬁ : 3 z i% v
m 40 - = HH 4.4
14 A rH
O : 13
i ‘ e
2 % e i §
- ¥ WITH CORRECTION
> 36 : T
34
32
30 A5t ? |
0 K 2 .3 4 .5
POWER COEFFICIENT, Cp
-~
! WITH CORRECT ION i
0 H- INERERAEENABESNERIEEENRNDARE]
L [ THEORY N SRR C T ION s
L 2F e BI-3WT B ogmnb
O 0 f ——— B4—3WT f
0§ fTEST ,
L E @ BI-3WT e Citiineeh dainginey i £
Ew’: & B W BA-3WTHHHE ‘ NG CORRECTION
X ,1 T ue 2l £ % RN
F sladney T T : e
x AWITH CORRECTIONH
ki PR
o fos:
~ o
m -4}
n' 1
8 0 I i ';
& 0 K 2 .3 A .5

POWER COEFFICIENT, Cp

FIGURE 16,
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~ EFFECT OF GOODMAN TIP CORRECTION ON SHROUD PRESSURE DISTRIBUTION
B1—3WT
M = .3053
= {.5087
63/4 =38
(J5 USED IN EQUATION 20).
THEORY . TEST
NO TIP CORRECTION]{WITH TIP CORRECTION )
X/C| INNER OUTER INNER OUTER ||INNER|OUTER
.0125 .7330 —1.1409 7107 —1.0962 450 | —1.1
025 .1524 —1,2092 1176 —1.1739 —20] —1.2
.05 | —.6194 —1.0835 —.6605 —1.0589 —.57 | —1.08
075 | —.9263 —.8902 —.9664 —.8717 —72] —.80
1 —.9690 —.7155 —1.0064 —.7012 —74 1 —.76
15 | —.7597 —.4867 —.7905 —.4769 —6 | —.42
2 | —.4991 —.3917 —.5244 —.3844 —35] —.35
.25 | —.3048 —.3746 || —.3260 —.3694 — 29| —.37
3 | —.1842 —.3897 —.2018 —.3859 —25] —.31
.4 | —.0840 —.3958 --.0930 —.3920 —15] —.28
5 | —.0515 —.3142 —.0507 —.3076 —05] —.20
.6 —.007 —.2097 —.0028 —.2051 05 | —.12
7 .0836 —.1409 .0888 —.1373 12 | —.05
.8 1811 —.1134 1660 —.1098 19 .02
.9 .2432 ~—.0169 2476 —.0133 .25 15
.95 2781 1237 2825 1269 .28 12
i
§ FIGURE 17,
g
ci 44
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parameter g on the curve is proportional to the spacing between the tip of the propel-
ler and the shroud. As the spacing decreases from infinity towards some finite valie,
the load the propeller carries at any given station increases as indicated by the larger
value of F. This increase in loading resulis in an increase in both power absorption
and propeller thrust for a given blade angle. The increase in thrust and power is

such that the excellent agreement of the Cr versus Cp comparisons is maintained. The
poor agreement between blade angle and C_ is however improved. The Goodman tip
correction therefore manifests itself as an increase in loading near the propeller tip
due to the presence of the saroud. Its validity is substantiated by the imprbved come
parison of test and theory.

In this section, two modifications to the representation of the propeller and its wake
have been discussed. The first was ihe inclusion of J'; instead of J';, in Eq.

(20). Comparisons with test data indicated small changes in performance and shroud
pressure distribution for the 0.3 Mach number case and good agreement between test
and theory. The second modification accounted for the presence of the shroud in the
flow field of the propeller wake through the use of the Goodman tip correction. This
correction did not alter the Cp pyrop Versus Cp and shroud pressure distribution agree-
ment with test data, which was good, but did bring the blade angle~Cp relationship.

into much better agreement.

Discussion of Shroud Boundary Conditions

The satisfaction of the no~flow boundary condition on the shroud, due to the lineariza-
tion procedures, reduces to the independent satisfaction of two boundary conditions;

one for the shroud camber line and one for the shroud thickness. The former led to

the equation for the shroud vorticity distribution (Eq. 4) discussed in paragraph 6.1. 2.
This equation was derived from Eq. (1), the linearized boundary condition.on the shroud

- ?
e e = o e O e e B USSR S

camber line. In the following, a more exact version of Eq. (1) will be derived, based
on the exact boundary condition equations and the assumption that the singularities be
distributed along the shroud camber line,
The no-flow boundary condition i8 shown schematically in Fig. 18, and results in ihe
following equations:
\ .
tan €;(X) = :u ’ (21a) |
Vo U, v o
%
VrL ;
lin €, (X) = 21b)
+
Vo T Uy |
N
t
i
45 ;
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SCHEMATIC REPRESENTATION OF SHROUD BOUNDARY CONDITION

A N
Tl THICKNESS j Vru CAMBER
N\
—— T ————
Vo + Ug LINE
L
Vel
-—_____—

.+  €=SLOPE OF THE CAMBER LINE

tan eu = Vru.
Vo+tUy

tan €, = VrL

FIGURE 18,
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These equations can be simplified by approximating the values of the perturbation
veloctties at the upper and lower surfaces by calculation on the shroud camber line.
The radial and axial velucity ahove and below the shroud can then be divided into a
continuous and discontinuous part. The continuous part is due to singularities in the
flow {ield remote from the field point in question whereas the discontinuous is due to
singularities at the field point. For the particular case of a field point on the shroud
camber line, the discontinuous part is due to the shroud vorticity and source-sink
distributions. These discontinuous velocities are‘shown schematically in Fig. 19.
The velocity discontinuities are proportional to the lecal source sink and vortieity -
strengths and manifest themselves as equal but opposite contributions above and
below the camber line. Utilizing the notation of Fig. 19, the boundary conditions

(Eq. [21a)and [21b] ) become, in terms of the axial and radial components of the con-
tinuous and discontinuoug velocities,

Vee * VeD

taney = (22a)
\Y ot Uc -Up
Ve - VD

taney, = (22D)
VO + UC - UD

Before proceeding, it is necessary to define the left hand side of these equations in
terms of the camber distribution and thickness form. The assumption that the shroud
is thin and slightly cambered implies that €y and €71, are small, so that tan €= €,
tan €], =~ €, This approximation is valid for values of € approaching . 5.
TFor example at € =, 5, tan € = .55 so the error in the assumpticn is of the
order of 10%. Replacing tan €,; by €, andtan €71, by €j,, the slopes of the
upper and lower surfaces are defined by the slope of the mean camber linc and the
slope of the thickness form. If € is the slope of the mean camber line and t' the

slope of the thickness form, then for thin slightly cambered sections,
Eu = € 4 t‘

6L=€-t‘|

and Eq. (22a) and (22b) become

47
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DISCONTINUOUS VEL.OCITIES ALONG SHROUD CAMBER LINE

- — SHRCUD
Uyp  Uwvd CAMBER
LINE

Urtp = DISCONTINUOUS VELOCITY
DUE TO SOURCE—SINK

.. DISTRIBUTION

Uyp = DISCONTINUOUS VELOCITY DUE
TO VORTICITY DISTRIBUTION

DISCONTINUOUS VELOCITIES

———fiin el e

Up =Utp+Uyp

—i — i
}11' Up= Upl + VeDIr
i
Uvb
|
|VrD
—-’ ‘.
UTtp € —
- >
Up

RESOL.UTION OF DISCONTINUOUS VELOCITY INTO AXIAL & RADIAL
COMPONENTS — (UPPER SURFACE)

FIGURE 19,
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I VI‘C + VrD
€t X mmmm—— (23a)
v'o Uc + l}D
€-tl = Vrg - VD (23h)
The small camber and thickness assumption indicates that the shroud camber line
never deviates significantly from the shroud reference cylinder. This affords a
further simplification in that the velocity components can be evaluated on the shroud

reference cylinder instead of the shroud camber lire and the singularities distributed
on the shroud reference cylinder.

Dividing top and bottom of Eq. (23) by V, and adding,there results

Vre 1 1 VD 1 1
2€¢= + + -
\ U, U U, U A\ U, U U, Upl
° 1+._E+__.].) +.._.c____2 J o 1+__9.+__Q +...E.......Q
Vo Vo Vo Vo Vo Vo Vo Vo

Defining barred quantities to be non-dimensional velocities, this equation becomes,
after algebraic manipulation,

2 Vrc 1+ Uc) - 2Up ViD
(1 +0g)2 - up?

2¢e=

Now the last term n the numerator is of second order compared to the first order

term Vpe (1 + Ugl and is neglected, The Uy term in the denominator is
also second order compared to the (L + Uc)2 term, and it also can be neglected.

Note that the term U, was not neglected when compared to 1, so the equation
becomes

Vre (24)
€ =

1+0,

Eq. (24) is in much simplc_a_r form than Eq. (22) and depends only on the continu-
ous part of the velocity, U, As will be discussed, this form permits a more rig-

orous satisfaction of the boundary condition within the existing framework of the analysis.
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To reduce Eq. (24) to the boundary condition of Eq. (1), it is further necessary to as-
sume that Uy<<1 . Thus the boundary condition Eq. (24) requires less restric-

tive assumptions for its derivation.

To indicate the order of magnitude of the velocity ﬁc , the continuous part of the
axial velocity, which is used in the calculation of the shroud pressure distribution,

was plotted as a function of shroud chordwise position in Fig. 20 for the B1 - 3 WT
shroud at a Mach number .3. The assumption that U, is much less than unity is
seen to be violated, indicating the need for the more accurate boundary condition of
Eq. (24). This assumption is violated further as the free stream velocity approaches
zero, To improve the accuracv of the theorv in the forward flight regime and to extend
its validity to lower forward flight velocities, the use of Eq. (24) in place of Eq. (1)
was investigated.

Solution for the shroud vorticity distribution must now be based on Eq. (24) instead

of Eq. {1). The appearance of the term TJ_C in Eq. (24) greatly complicates its
solution., However, by an additional iteration procedure, it is possible to satisfy

Eq. (24) and still to use the method of solution described in paragraph 6. 1. 2 for Eq. (1).
Thus incorporation of Eq. {24) requires only small changes in the computer program.
For the first iterar.on, U, is assumed zero. The solution then_pr?feeds in the nor-
mal fashion and results in a first estimate of the axial velocity U, The next
step is to define 4 new shroud camber by multiplying the true camber distribution by

(1 + Ucm) . The camber distribution for the second iteration is thus 6(2)=E(l + Uc(l))‘

and E(]. (24) takes the form
(2) re (L+ c ! (25)

E¢. (25) has the same form as Eq. (1), and is solved by the existing method in terms
of € ) instead of the geometric camber € . This process is repeated until

. (M (n+
Ug - Ue ( ) <4, where ¢ is some desired tolerance. Note, in general, that
. (n=-1
€n =€1 + U, ), that is, the geometric camber is corrected by the latest value of

Ug lo obtain the effective camber for the subsequent iteration,

Application of this correction to the .3 and . .o Mach number cases was investigated,
The low Mach number case will be discussed in paragraph 7. 1. 2 although qualitatively
the conclusions are similar to the .3 case discussed in the following.

Utilizing Fig. 20, the effective camber € (9) for the second iteration was computed.
Plots of € (2) and € the geometric camber are shown in Fig. 21. ‘The value of

€(2) at X/C = O was obtained by extrapolation from the 0.025 station because the
continuous contribution from the shroud source-sink distribution exhibits a singularity
at the lcading cdge which would lead to an unrealistic correction.
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AVERAGE AXIAL INDUCED VELOCITY AT SHROUD REFERENCE CYLINDER
VS CHORDWISE LOCATION

5 T o na:
= HN 32 .
] :EE (% B3 nu_lc 114 33T EEE:
-4 ! T g
x
X
N
3
X
B1—3WT
J = 1.5087
Cp =.2940
PN " = 3053
a(’
&
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The effect on performance of utilizing €(2) instead of € was found to be small.
The effect on pressure distribution was also small and in a direction that hurt the
agreement between test and theory. In addition, the changes in the continuous axial
velocity, ﬁc (X were small enough to warrant only two iterations. The pressure
distributions for the first and second iterations are plotted in Fig. 22. The perfor-
mance changes for the 38° blade angle are shown in the following table:

0= 38 M=.3  J=1.5087
Iieration No. Cp Cr prop
1 . 2040 .1654
2 . 2915 .1634

Similar results were notec for the .5 Mach number case. The effect of this correc-
tion on the low Mach number results was also investigated, and while the correction
(1+ U, ) was much larger, it had a small effect on performance and shroud pres-
sure distribution, and is discussed further in paragraph 7.4.2. Since the effect of the
correction on performance was small for the Mach number range, .05 to .5, while
the computer time for its calculation nearly doubles because of the added iteration,
it has not been incorporated into the program. If, in use of the program, a case
arises where this correction is desired, it can be implemented by calculating the
correction ( 1 + U, ) from the printed output, applying it to the known geometric
camber and inputing the resulting corrected camber for execution of the second
iteration.

Summary of Linearization Assumptions

Removal of some of the restrictive assumptions imposed by the T,A.R. method
were Investigated. These investigations were divided into three items dealing with:

1. Shroud and centerbody geometry
2. Propcller geoinetry and its wake
3. Shroud boundary conditions

Under Item 1, the effect of changing the location of the shroud reference cylinder was
found to be negligible. The effect of computing the shroud surface velocities at the
shroud surface instead of the shroud refereuce eylinder was found to result in changes
in pressure coeificient on the order of 127 but due to the major program changes re-
quired, could not be incorporated into the present method, Tt was recommended that
future attempts at improving the theory include this offect. ‘The leading edge singu~
larity in pressure inherent in the linearixed model was corvected by the use of the
Riegels factor, and resulted in much better agreement between test and theovy.
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6.2.6

This factor has been incorporated as an integral part of the program.

Under Item 2, two corrections were investigated and incorporated, the first being the
use of J'g instead of J'g, the second being the application of the Goodman tip correction
to account for the effects of the shroud on the flow field of the propeller wake.

Finally, under item 3, a more accurate boundary condition was derived to permit
extension of the theory to lower forward flight velocities and/or to thicker shrouds at

the higher velocities. Application of this significant correction, by use of an iteration
procedure, resulted in small changes in overall performance and shroud pressure distri-
bution. Due to the increased computer time required, it was not included as an integral

part of the program, although it can be utilized with the existing program by the inter-
mediate use of a simple hand calculation.

Summary of Limiting Assumptions

Limitations of the T.A.R. method have been discussed, and the method presented herein
utilizes the T. A. R. model and solution with the addition of the following refinements.

1. The Hamilton Standard propeller method, based on Goldstein, for the
calculation of the propeller induced velocity field,

2. The itcration process which permits propeller geometry to be specified.
3.  The use of an average J'y instead of J';, in Eq. (20).
4, The use of the Goodman tip correction.

5. The usc of the Riegels factor for correction of the shroud pressure dis-
tribution in the leading edge region,

6. The option, requiring an intermediate hand calculation, for the inclusion
of the more accurate boundary condition given by Eq. (24).

7. The effects of an arbitrary propeller centerbody.
SUROUD THRUST CALCULATION - INVISCID

Inlroduction

The preceding discussions were concerned with increasing the accuracy of the pre-
dicted velocity field of the shrouded propeller. The subject of shroud thrust has been
deferred, since its prediction depends in part on an accurate knowledge of the velocity
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field. Methods for computing shroud thrust will be discussed next. Two approaches
leading to three methods for the calculation of shroud thrust have been investigated.
The first approach, suggested by T.A.R., obtains the shroud thrust by integrating
the forces on the shroud vorticity and source-sink distribution. The first method re-
quires knowledge of the velocity field as well as the source-sink and vorticity dis-
tribution and is the method utilized in Ref. 9 for the calculation of shroud thrust.

The second approach applies the momentum theorem to a control volume surrounding
the shroud, and results in an expression for total thrust. Different estimates of the
jet velocity in this expressicn result in the second and third methods for calculating
total thrust, Corrections for viscous drag are discussed in paragraph 6. 4.

Shroud Thrust - Detailed Integration Method (Method 1)

Consider Fig. 23, which shows the shroud source-gink and vorticity distributions.
The thrust force on an element of vorticity is given by the classical equation for the
force on a vortex element in terms of the radial velocity at the shroud reference
cylinder. This radial veiocity is due only to those singularities external to the shroud
vorticity distribution and is, therefore, composed of contributions from the center-
body and propeiler wake. The elemental axial force due to the shroud vorticity is
shown in Eq. (26).

T

dFy = p(VE+ Vgog) 27RYdXg (26)

where the sign convention is defined in Fig. 23. V ! is the radial velocity due to

the propeller wake and Vop that due to the centerbody. The radial velocities, V[-,' and
VB have been evaluated previously for use in Eq. (4) and their sum is given in Eq.
(27) in terms of the known b%’;D's discusset 'n paragraph 6.1, 2,

_ 2-D(CB) 2-D(T") 2-D(CB) 2-D(I'"
VF' Vep o1 Boo N Poo 1
Vo Vo 2 2 2 2 =1

(27)
where ¢g is the Glauert variable defined by

Xg
—_—- 8
= A €O d)s

S e N ey s oy i ot = o o P Wy e 2 Y e
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and the superscript in brackets indicates the contribution to b(Z);D as indicated, i.e.

=t

bg;D (") is the contribution to bg;D due to the propeller wake, atc.

In addition, the shroud vorticity distribution is known from the solution of Eq. (4) and
is given in terms of the known boU's as

b b
Y (¢S) - 00 cot ¢ +§ _.__O_y sin y¢ (28)
Vo 2 s > 2 s

Substituting Eq. (27) and (28) into (26), integrating over ¢S and defining:

2-D (CB) _ 2-D(f"
B0u=bov +bov 2w=0,1, 2,
Cpn =F 2 2
v/
Ty ZWPRP Vo
U= Rp/R
there results T
2 N :
U CTV—- -5 [ ,800 -EBOV cosuc,bs][ b, cot<f>s +z by sinuc,bs] stSS d('bs (29)
o 4 v
Performing the indicated integration and rearranging terms,
o =- )\7!'___3 ,*_ﬁoobol_booﬁ01+b01302___1_2b ( B )
Ty 2 |Foo 00 5 P i T2, Pov By~ ~Pov+r!| (30
V=2

Eq. (30) represents the shroud thrust due to shroud vorticity.

The shroud axial force due to thickness is considered next, An equation for the elc-
mental force similar to Eq. (26) is derived starting with Eq. (6), page 471 of Ref. 10.
This equation gives the force on a body in the presence of external singularities in
terms of the strengths of the singularities and the velocity at the singularities due to
the body. Appendix 11.3, starting with this equation derives an equivalent equation
for the force on the source-sink distribution representing the body in terms of the
velocities at the body due to the cxiernal singularities. This equalion, illustrated in
Fig. 23, has the form

dF, = 2mPR2U(RE(R,) dX, S
where U(')_(s) is the axial velocity at the source element f,(Xg) dXg due to all the
singularitics external to the body, i.e. the axial velecities duc to the ccnte.rl)ody and
propeller wake. [((Xg) is the strength of the source-sink distribution, and is related
to the derivative of the thickness form. The axial velocity U (Xg) is represented by an
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Nth order polynomial through the axial velocities along the shroud reference cylinder,
which are available from the shroud pressure distribution calculation. The source-

sink distribution is represented by the existing polynomial used in the T.A.R. method.
(See Ref. 3.) Thus

— N
U(Xsg) - =1
(e - 2 % "

r

_ £, (Xg) a _n-1
T (X) tV A — xZ 8, X, (33)
o N[A* Xs n=1

where the a,,'s arc known in terms of the shroud thickness form. Substituting Eq. (32)
and (33) into Eq. (31) and defining:

. 2 2
CTS - 1‘s/27rpRpV0

the thrust coefficient due to thickness becomes,

A N
2 a5 == n-1 =i -
H'Cpg = f < +§ a X¢ )( E o, X ) dXg (34)
N N Xg =

Integrating Eq. (34) and rearranging terms, the expression for thrust due to
thickness becomes,

. N
Y nt1/2 ~a al)\ ntl ntl

(35)

where .
n . n-r*'l/‘z

C. (-1 '2
_— 2‘ n’i
n > n-1+1/2)

=0

and nCi are the binomial coefficients. The total shroud thrusi cocfficient is given
by the sum of Eq. (30) and (35).

The thrust computed in this manner depends on the product of the distribution strength
and a perturbation velocity. Both of these quantities, be cause of the lincarized theory,
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are considered accurate only to first order. Multiplying these two first order quanti-
ties results in a small second order quantity. The accuracy of the thrust coefficients,
! which is based on such second order quantities, is, therefore questionable, unless
‘the propeller loading is light, and shroud camber and thickness are small. This is
verified in a later section where comparisons with test data are made. Due to this
6.3.3

accuracy question an alternate approach to the shroud thrust problem based on mo-
mentum concepts was pursued.

Shroud Thrust Based on Momentum Theorem VJsing Propeller Circulation (Method 2).

Ref. 11, chapter I presents an expression for the forces on a control volume enclosing
an arbitrary body. For the steady, axisymmetric case, this expression reduces to
the integration of velocity and pressure over the surfaces of the volume. By choosing
a volume as shown in Fig, 24, with all its surfaces far removed from the shroud, the
surface integration requires a knowledge of the flow field at great distances from the
shroud. In Fig. 24, the contrcl surface is located at distances far enough away from
the shroud to insure that the velocity everywhere but in the wake approaches V, and
the pressure everywhere on the surface including the wake approaches p,, . The radius
of the wake and the velocity profile in the wake at the control surface are unknown.
Since the theory is linearized and all perturbation velocities are assumed small com-
pared to V,, it follows that the propeller wake distorticn from the shroud to down-
stream infinity should also be small, Consistent with this observation is the assump-
tion that the circulation distribution in the far wake be a scaled version of the pro-
peller circulation distribution, The scaling is included to allow for the small amount
of wake contraction or expansion caused by the shroud. Having specified the circula-
tion distribution in the wake, the wake velocity field can be cbtained, and application
of continuity between the propeller disk and far wake then permits the wake radius to
be defined. In this manner, the complete velocity and pressure field over the surface
of the control volume has been specified, and the system thrust (shroud plus propeller)
can be obtained by application of the momentum theorem to the control surface. The
details of the derivation are contained in Appendix 11.4, but the final equation allow-
ing for the presence of a centerbody, is given below,

1
" 2| - T. 2
) R : 0 r T 36
! tot ch Vqa )P /T g (36)
CT = =4} 1] — 2 e o+ 16 ("‘L—') (—\‘Ip—)";—- d (?j—)
tot 1 2 2 Rp VO o R 0" )
ERACHE: °
where
- 1 -
U, U, i
LY e T d (—L) =1 -VJE‘P = -%—- Average Velocity In Wake
v, r; Vo T 2 Y,
! o
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1
, v s Uehy T
N e [ R 6 s
3 1- ( ___) ?_(.',}?_ Propeller plane
Rp R,
: and
‘ Ug = axial velocity at propeller plane due to shroud
‘1 U ip = axial velocity at propeller plane due to propeller wake
Uh = axial velocity at propeller plane due to centerbody
Uipoo = axial velocity in wake due to propeller wake = 2Uj,
—?-B = Ujp°° - -%” = deviation from average velocity
Vo Vo Vo

The first term represents the contribution to the thrust due to the average velocity,
whereas the second represents a correction due to deviations from the average. The
velocity Uy,  due to the propeller wake is related to the propeller circulation by the
following: (S°3e Appendix 11.4, Eq. (15),

Uine B (x; i

J
Vo o vi

and v j/Rp the ratio of wake radius to propeller radius is obtained from continuity as

_I_J:_ - <1 ) (Rcb)2> Va/Vo
R Rp - U,
p 1+2.J0
]
The propeller circulation (lish‘ibutiél?, shroud and centerhboey induced velocilies are
known {rom the T. A.R. solution so the right sule of Eq. (36) can be evaluated for the
total thrust coefficient. This cquation has been incorporated into the program, but
due to the assumption that the wake circulation distribution can be scaled from the
prepeller cireulation, which depends on the condition that U<<Vy, this equation is
expected to be valid only in the forward flight regime. This technique for computing
shroud inviscid thrust is called Method 2.
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Shroud Thrust Based on Momentum Theorem Using Propeller Thrust Coefficient

(Method 3)

If only average velocities are considered, it is possible to obtain an expression for
shroud thrust that is valid in the forward as well as static regime. The only limi-
tation then is the accuracy with which the average velocities can be computed.

This approach is utilized in Ref. 12 and is analogous to the momentum result dis-
cussed above, In fact, Eq. (36) reduces to the equation in Ref, 12 if dp =0, i.e, if
only average velocitics are considered. Thus, for this special case

21§ i \
Cp =4 [1- <R by | Va Up @37)
tot Rp J Vo Vo

where Va/Vo represents the average velocity in the plane of the propeller and

Ujp/ Vo is 1/2 the average velocity in the far wake. Two approaches are available
for the calculation of Ujp/Vo. The first utilizes the propeller circulation disiribution
to define the average velocity. It is equivalent.to Method 2 with 0 ,=o and is not
considered further. An alternate approach is to relate U~p/V o to the propeller

thrust coefficient in the manner ouilined in Ref. 12. Consider a control volume
surrounding the propeller disk. Assuming average values for velocity and

pressure, application of the momentum theorem to this control volume leads to

the following expression for propeller thrust.

Tprop = (py-p;) AP (38)
where

Py = the pressure just downstream of the disk,.

p1 = the pressure upstream,

- . - 2

Ap = the propeller area = 7 (Rp”™ - Ry, 2)

R b = cenlerbody radius
Applying Bernoulli's equation from the downstream side of the disk to the wake at

infinity, assuming that the static pressure in the ultimate wake is p , , and denoting
the slipstream or wake velocity by Vj, there results

1 -2 1 = 2
Pyt == PVy =P *5=p (39)
where \;; is the average axial velocity at the propeller disk,

Application from the upstream side ol the disk to upstream infinity yields
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1 _ 2 1 2
p1+-—2—PVa =Pw+—é—'PV0 (40)
Subtracting Eq. (40) from Eq. (39),
2 2
1 X7 )
92“91——2--:0 <Vj -Vo) (40a)

Substituting into Eq. (38) and rearranging terms, the propeller thrust coefficient

becomes
C ! = Tprop = ( ;{ij
Tpl'OP 1 2 2 Vo

PR

™ Bp

solving for Vj/V, in terms of CTprop

Cl

Tprop

2
2
RP

1+

= Lf.‘l
"t

)2_1} R

L B

Finally substituting Eq. (41) into Eq. (37) and noting that

T. 7
) L) S

VO Vo VO

the total thrust cocfficient becomes

—

' Rep\ 2 v,
Cp, =2 |1-=——
tot Ry

5|

)

Cp
—_Prop -1

Vi
C

Y
sz 3

(1)

(12)

— 1
where Vy/ Vo and C'l'l)rop arce known from the T, A. R. solution, Computing the thrust

in this fashion is referred to as Method 3.

64

- et s R




6.3.5

6.4

6.4.1

6.4.2

Hamiilton

HSER 4776

OIVISION OF UNITED ATRCRAEY CORPORA TION Volume I

Standard Ae

Evaluation of the Three Methods for Computing Shroud Thrust

Three methods for computing inviscid thrust have been described. The first, based
on detailed integration of the forces acting on the shroud singularitics, results in the
integration of sccond order expressions of questionable accuracy for the shroud
thickness, camber and propeller loadings typical of this report. The second and third
are based on momentum concepts, which require specification of the velocity field in
the plane of the prepeller and in the wake at infinity., The second accounts for the
details of the velocity distribution, which is expressed in terms of the propeller cir-
culation distribution, requiring the assumption of negligible wake distortion; this lim-
its its applicability to the higher forward speeds. The last based on average veloci-
ties expresses the jet velocity in terms of the propeller thrust coefficient by an addi-
tional application of the momentum theorem to the propeller disk, and is valid for all
flight regimes. Its only limitation rests on the accuracy with which Cp propeller and
Va/V,, are computed by the T.A.R. theory.

Due to the questionable accuracy of Method 1, the detailed integration method, com-
parison of the thrust coefficients computed by the three methods for a representative
Mach number of 0.3 and the 1.1 area ratio shroud was made. The vesults, including the
effccts of drag, are shown in Fig, 25. Estimates of shroud drag are based on Eq., (53),
which is discussed in the following section. The Method 1 net thrust coefficients are seen
to be much lower than test data and the predictions of Methods 2 and 3. This trend is
observed for the full range of Mach numbers and substantiates the theoretical misgivings
discussed above. In light of these findings, Method 1 is dismissed from further consid-
cration. Discussion of the two remaining methods is reserved for paragraph 7.4.4.

SHROUD DRAG PREDICTION

Introduction

'Two methods of estimating shroud drag have been derived. The first treats the outer
and inner surfaces as flat plates whose free stream veloeities are Vi, and the propeller
plane veloeity respectively. The sceond again treats the surfaces as flat plates, but
accounts Tor the pressure gradients along these surfnces.

Shroud Drag - No Pressure Gradient

It is assumed that flat plate friction can be used Lo ubtain a reasonable estimate of
viscous drag on ithe shroud. The friction force is a product of the dynamic pressure,
wetted area, and {riction coefficient, On the external surface this is

Fpe = 4o 27RC Cg, (43)

On the internal surface, the velocity is not the free stream, but is increased due to
the propeller. The velocity just in front of the propeller can be taken as representa-
tive, so that the iuternal drag is:
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Evaluation of the Three Methods for Coxiputing Shroud Thrust

Three methods for computing inviscid thrust have been described. The first, based
on-detailed integration of the forces acting on the shroud singularitics, results in the
integration of second order expressions of questionable accuracy for the shroud
thickness, camber and propeller loadings typical of this report. The second and third
are based on momentum concepts, which require specification of the velocity ficld in
the plane of the propeller and in the wake at infinity. The secoend accounts for the
details of the velocity distribution, which is expressed in tefms of the propeller cir-
culation distribution, requiring the assumption of negligible wake distortion; this lim-
its its applicability to the higher forward speeds. The last based on average veloci-
ties expresses the jet velccity in terms of the propeller thrust coefficient by an addi-
tional application of the momentum theorem to the propeller disk, and is valid for all
flight regimes. Its only limitation rests on the accuracy with which C propeller and
Va/V, are computed by the T.A.R. theory. "

Due to the questionable accuracy of Method 1, the detailed integration method, com-
parison of the thrust coefficients computed by the three methods for a representative
Mach number of 0.3 and the 1.1 area ratio shroud was made. The results, including the
effects of drag, are shown in Fig, 25, Estimates of shroud drag are based on Eq.. (53),
which is discussed in the following section. The Method 1 net thrust coefficients are seen
to be much lower than test data and the predictions of Methods 2 and 3. This trend is
observed for the full range of Mach numbers and substantiates the theoretical misgivings
discussed-above. In light of these findings, Method 1 is dismissed from further consid-
eration. Discussion of the two remaining methods is reserved for paragraph 7.4.4.

SHROUD DRAG PREDICTION

Introduction

Two methods of estimating shroud drag have been derived. The first treats the outer
and tnner surfaces as flat plates whose free stream velocities are Vi, and the propeller
plane velocity respectively. The sccond again treats the surfaces as flat plates, but
accounts lor the pressure gradients along these surfaces.

Shroud Drag - No Pressure Gradient

It is assumed that [lat plate [riction can be used {o obtain a reasonable estimate of
vigcous drag on the shroud. The Iriction force is a product of the dynamic pressure,
wetted area, and friction coefficient. On the external surface this is

Fpe = 4o 27RC C, (43)

On the internal surface, the velocity is not the free stream, but is increased due io
the propeller. The velocity just in front of the propeller can be taken as representa-
tive, so that the internal drag is:
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3 Fpj =gy C27 R Cfj ‘ (1)
1 where _
ga = 1/2 PVy
I it is assumed that the boundary layer flow is furbulent inside and outl (or that the

; 3 {ransition length is small), the value of skin friction for a smooth flat plate can be
used, i.c.
] Ct = .074/R,> (45)
where
2 vC
Re = ~p— (46)
Defining
' Reo = .Y%g.and Re2 =.Y%.9 &
- Adding Eq. (43) and (44) and substituting in Eq. (45) and (46), the friction drag force
1 ‘ becomes
B 2 V.2
| Fp = 1/27DRCP Vo . _Va® | .07 (47
£ o2 .2
Reo Reo

An cquation relating the velocity in front of the propeller Va and the free stream

velocity Vg is needed. Eq. (40a) relates the pressure jump across the disk pg-p;
f . to the dynamic pressure in the far wake qj, i.e.

ik
WAL

Py - Py =5-d, “8)

> A
& e e, o o 5 R SRR S, et €

Using Eq. (38) to climinate the pressure jump pg - py, there results

: . = AC
. 4 - 90 = Tprop/ap (49)

Rearranging Eq. (49)

=
P A NSNS MDY

o e v

_2 2 27T
a Vi Vo =1 4.__1’;01’ (50)
PV, Ap
i By continuity:

| . -
i ¢ a
g u a3 (51)
5 | Vi A
B | L
|
P
|
1o
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So that:
— 2 2
() | %
° P PApV, T
The friction drag coefficient becomes, noting that C ' = ________z_prop
g ’ g Tprop pAp VO
o A8 b9
.074)(4 +( ) qL+C 53
Cpp - - 4207 )(Z)A 1 <7x—> <1 Tpro r7) (53)
1/2 pVo"A, MRy p

Eq. (53) relates the total drag coefficient of the shroud to the shroud geometry,
Reynolds number, area ratio and propeller thrust coefficient subject to the assump-
tion of flat plate drag for the inner and outer surfaces.

Shroud Drag - With Pressure Gradient

The second approach for obtaining shroud drag accounts for the shroud pressure dis-
tribution. The drag force on a duct is a function of the boundary layer, which depends
strongly on the pressure gradient along the wall. This drag can be estimated by as-
suming that the duct is a thin cylinder with unseparated turbulent boundary layers on
the inner and outer surfaces.

Neglecting the laminar portion of the boundary layer, and assuming large Reynolds
numbers, Ref, 13 gives the momentum thickness of the boundary layer as

% _ o [u)\7®
C A

where C is the shroud chord, u is the local velocity at the edge of the boundary layer,
Vo is the free stream velocity, x is the nondimensional axial distance, 6 ¢ is the mo-
mentum thickness, and Cf is the [lat plate drag coclficient when u = V.,

6 Vo

/(\Qﬂ—)l%./\—:’ ] 6/1 (54)

As in Ref. 14, the velocity distribution is taken to be linear, with a value of
u = 1u atx = o and u = Vp at x = 1, where Uy = maximum velocity on
shroud surface; thus

Uoo do x( 2 ) (55)

Vo Voo
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Ref. 13 relates the drag coefficient to the momentum thickness at the trailing edge,

cp - Fb__ _ % (56)
q omDC C

where D is the diamecter of the duct reference cylinder, qq is the free stream dyna-
mic pressure, PV(,2 , Ip is the drag force, and 91: is the momentum thickness
2

at the trailing edge of the duct.

Putting Lq. (55) into Eq. (54), ~nd the resulling equation into Eq. (56) the drag co-
efficient in terms of the velocity ug and the flat plate drag coefficient becomes

Fu 3/
5 l(i) 13, 3-1] 6/7 (57)
1 VO
Cp = Cg
D i3[ Yo
Vo
(Va - . s _—————p'-pw
The pressurc coelficient is defined as follows:Cp =1 72p Va2 80
0
~ uo 2 5
oo = L= V.2 (58)

where p;o is the free stream pressure and p the local pressure. Putting Eq.
(58) into (57) the drag coefricient becomes in terms of the shroud pressure coefficient:

13/6_ 1] 6/7

cn =C 8 [(1'_0130)

Cp 2 (59)
13 ( 1-Cpy -1)
The flat plate drag coefficient, using the 1/7 power profile approximation for the
turbulent boundary layer velocity profile, is
0 2 .
Cp = .0T4/Rgq (60)

Putting Iq. (60) into (59) the drag cocellicient hecomaes
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13/61 6 /7 -
' .074 3 [ 1-C -1]
¢, = = @“po (61)

Reo 13 ( J1-Cp, -1)

1
Converting Cp as defined in Eq. (69) to a drag coefficient based on propeller area
instead, leads to

D A (62)
Cor 77w =77 6D a
1/2pVo"Ap  u ;
Applying the conversion Eq. (62) to (61), there results-
’ 13/6 }
an (0,074 |3 |(@-Cpo) -1 (63)

CpF 2z

2 :
Reo 13 ( V1-Cpo - 1)

The total shroud drag coefficient is obtained by applying Eq. (63) to the upper and
lower surfaces of the shroud and adding the results,

In the limit, as Cpo—— 0, Lq. (63) should reduce to the drag coefficient for one side
of a flat plate, i.c. the first term on the right hand side of Eq. (53). This is verified
by taking the limit of Eq. (63), i.e.,

lim

(074 (4) A
Cpo=© Cpf = /lol’ied

Shroud Drag Evalualion

The two methods of estimating shroud drag were cvaluated in conjunction with Methods
2 and 3 for computing the shroud inviseid thrust. Comparisons of the resulting net
thrusts with those from the test program showed that necither drag method gave con-
sistently superior agreement. The first methad, based on the flat plate friction drag
estimate, was therefore chosen for the program because of its simpler form. The
other method, accounting for the effceels ol pressure gradient, is included for com-
pleteness and for congideration in futurce efforts on the subject of shroud drag.
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THRUST COEFFICIENT NOMENCLATURE

In paragraphs 6.3 and 6.4 the thrust and drag coefficients have been normalized by use
of the free stream velocity, In practical propeller applications, these coefficients
are defined in terms of tip speed, i.e.

_ THRUST _ Vo
Cp = pnept ° J “nD
where
n = propeller rotation speed - rps
D = propeller diameter - ft.
P = density - pounds sec?/ftd
Vo = velocity in feet per second

The conversions are given in Eq. (64) where the prime signifies the nomenclature of
paragraphs 6.3 and 6.4.

32  J=my.

Cp = C’l" o
8 9’

(64)

In the following discussion, unless otherwise noted, the propeller definition of thrust
coefficient C7 and advance ratio J will be used.

COMPUTER PROGRAM
Introduction

Basically, the computer program permits the calculation of shroud performance and
shroud surface pressure coefficient distribution. The calculations can be made for

the cases of (1) defined shroud and propeller geometry, (2) defined shroud gcometry
and propeller circulation, or (3) shroud alone.

The procedurc has been programmed in FORTRAN IV for the Univac 1108 in three
separate computer decks. Hamilton Standard Deck H193 permits the computations
_requiring as some of its input certain shroud thickness and camber data generated

by Deck H194 and centerbody data generated by Deck H060. The detailed instructions
for input, as well as sample cases of input and the corresponding output are presented
in Volume II. Volume II also includes the FORTRAN IV listings of the three com-
puter programs and brief flow charts showing how the various subroutines are used.

Hamilton Standard Deck H1938 is discussed in some detail below.
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6.6.2 Hamilton Standard Computer Deck H193

6.6.2a General Description

¥

The computational procedure as previously defined in paragraph 6.1 through 6.5 has
been programmed in FORTRAN IV, For a given shroud and propeller geometry or
circulation, the calculations consist of defining the propeller circulation by obtaining
the following velocity diagram at the propeller plane.

dL
7/
R N 9T
BN \
N B 1AV ,
dF \\ i
\
dD A <I>i, ‘10
2mrn

A velocity increment AV due to the shroud and centerbody is assumed. The iterative
process described in paragraph 6.2.4 is then used in conjunction with the Goidstein pro-
peller theory, two-dimensional airfoil data, and the corresponding iterative process in
establishing the final sectional induced angles (8), profile angles of attack (&), and

AV, The iterative process on AV is considered converged when subsequent values

of AV are within . 2% of each other. The iterative process with respect to the Gold-

stein propeller theory is assumed converged whena and Sare so defined that the oper-
ating Cy, = f(a ) from the two~dimensional airfoil data and the operating C1, = £(8))

from the Goldstein relationship agree within a tolerance of 0,004. In the case of the
shroud alone, the calculations do not require the iterative processes.

Two integration techniques are uged in the program. The Gauss L0 point integration
method is used with respect Lo the integration of propeller thrust and power deriva-
tives. Ilamilton Standard has found this technique gives very good accuracy and since
it uses only ten points, minimizes computer running time. Simpson's integration rule
is used for integrations along the shroud and centerbody. Eighty-onc intervals were
selected since adding more intervals changes the integrated values by less than 0.05%.

As was discussed in paragraph 6.1.2, the number of elements in the matrix {bo?,-D}

and the power of the [P] matrix used in defining (by,) must be defined so that conver-

gence is obtained. For the range of computations that were made for comparisons of ;
calculations and testé, it was not :d that the first three terms arc the most significant k
and it was found that seven terms in total would be within required tolerance.

Because of the complexity of the T, A. R. theory, considerable cffort was undertaken
to be certain that the theory had been correctly programmed. Therelore, before
changes were made to the basic I A. R. theory, comparisons were made with the
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Hamilton Standard computer program and sample cases in Ref. 1, 2, 3 and 9.

These included comparisons of net average pressure distributions, the various com-
ponents of (bog'D), (boy) and net thrust. The comparisons were made for shroud
alone and for shroud plus a propeller circulation. The good agreement with these
T.A.R. sample cases gave further assurance that the theory had been correctly pro-
grammed,

Furthermore, the computer program has been coded in such a manner that changes
can-be readily incorporated. Therefore, for example, if it is desirable to incorpor-
ate some airfoil data other than the family included at present, a subroutine for the
required airfoil family can be substituted. Similarly, as improvements are made

to any portion of the computational procedure, for example, the computation of net
thrust coefficient, it can be readily incorporated.

The computations are limited to 0.25<A < 0,998, 0.75< < 0.998, and J > O,

Inpuis for Computer Program

The input requirements as defined on Fig. 26 are categorized with respect to (1)
operating condition, (2) shroud data, (3) propeller data and (4) centerbody data.

Each operating condition is defined by a given advance ratio (J), free stream Mack
number (M), and propeller blade angle (93 /4).

The shroud is defined by the overall parameters of shroud diameter, A, Xp, and u

as well as shroud thickness coefficients and 2-D shroud camber Glauert cocfficienis,
Arca ratio and shroud location beyond which the Riegels correction does a0t apply
are also included. Furthermore, locations along the shroud for which shroud surface
pressure coefficients will be computed must be included as part of the input,

The propeller is deflined by number of blades, diameter, propeller hub to diameter
ralio, and blade scctional properties of thickness, width, pitch, and camber for the
10 Gaugs stations,

The centerbody is included as input in the form of axial velocitics induced by the
centerbody in the propeller plane and on the shroud reference eylinder. The radial
velocities induced along the shroud reference eylinder in terms of Glauert coefficients
are also included. These data are obtained from Hamilton Standard Deck H060.

Outputs from Computer Program

Performance results are presented in terms of the nondimensional power coefficient
Cp, and thrust coefficient, C1. The Ctpet (shroud + propeller) and the breakdown
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INPUT REQUIREMENTS

OPERATING CONDITION

J, 0 3/4, M.

SHROUD DATA

A)
B)

C)
D)
E)

A, Xp, # , SHROUD DIAMETER
SHROUD h/b COEFFICIENTS AND 2—D SHROUD CAMBER GLAUERT
COEFFICIENTS (HS DECK H194)
AREA RATIO
RIEGELS FACTOR LIMIT

LOCATIONS AL.ONG SHROUD FOR WHICH SHROUD SURFACE PRESSURE
COEFFICIENTS WILL BE COMPUTED,

PROPELLER DATA

A)
B)
©)
D)

NUMBER OF BLADES

PROPELLER DIAMETER

HUB DIAMETER TO PROPELLER DIAMETER RATIO

BLADE SECTIONAL CHARACTERISTICS X, t/b, b/D, DES C_,46
OR PROPELLER CIRCULATION,

CENTERBODY DATA (HAMILTON STANDARD DECK H060)

A)
B)

C)

RADIAL VELOCITIES AL.ONG SHROUD SURFACE EXPRESSED AS
GLAUERT COEFFICIENTS

AXIAL VELOCITIES INDUCED BY CENTERBODY IN THE PLANE OF
PROPELLER

AXIAL VEL.OCITIES INDUCED BY THE CENTERBODY ON THE SHROUD
SURFACE

FIGURE 26.
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6.6.2c (Continued)

to Cp propeller, Ct shroud and shroud Cp (drag coefficient) are computed. For
computations based on shroud alone, only the shroud drag is calculated.

The shroud surface velocity ratio (ratio of velocity at shroud surface to free stream
velocity) and pressure coefficients are compuied for specified points along the shroud.
The following components which define the velocity distributions are listed to permit

a better understanding of how each component contributes to the velocity. These com-
ponents do not include the effect of the Riegels correction, although the final inner

and outer surface velocities are corrected. The velocity components are induced

hy the following.

1. Shroud vorticity distribution (discontinuous part) due to the local shroud
vortex strength

2. Shroud vorticity distribution (continuous) plus shroud thickness (3-dimen-
sional cffect) due to shroud vortex distribution, or equivalently, the ef-
feetive camber and shroud thickness.

3. Shroud thickness (2-dimensional effect) due to the local source sink
distribution.

4, The propeller wake contribution due to propeller circulation.

5. The velocity induced by the centerbody.

Turthermore, to better understand what is happening, additional data is computed in
the form of slipstream contraction (ratio of slipstream diameter to propeller diameter),
ratio of average slipstream velocity to free stream velocity, and ratio of the average
duct velocity at the propeller plane to free stream velocity, The duct velocity in-
cludes the summation of the velocities induced by shroud, propeller and centerbody.

Various components of the velocity content along the propeller plane are calculated.
The nondimensional velocity induced by the shroud vorticity and source-sink distri-~
bution, propeller wake, and centerbody are listed for ten points in the specificd pro-
pellee plane.  Total and assumed veloceity ratios are included to show the convergence
of the velocity tterative process. Also inciuded are the propeller induced velocity
L increments lused on Goldstein and momentum propeller theovics.  ‘The former is
usad in propeller perlormance computalions and the latler in the caleulation of net
thrust. l"in’thcrmol'c, for the given shroud and propeller conliguration, the scctional
swirl angles arce computed. Swirl angle is defined as the angle formed by the leaving
absolute velocity and the axially induced velocily.

To permit a thorough examination of the computational procedure, the following print
options are available. Blade elemental printouts permit the examination of the sectional

e
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aerodynamic components required to compute the thrust and power derivatives.
Another option permits the display of the varlous matrices and characteristic func-
tions used in the analytical procedure. The final option permits the examination of
the contents of the 2-dimensional Glauert coefficient boxz,'D, i.e., the contributions
due to the centerbody, shroud thickness, propeller wake and shroud camber. Fig., 27
summarizes the printout option. It should be noted that the use of these options is
predicated on a complete understanding of the mathematics of the theory.

Sample printouts are included in Fig. 28a for the shroud and propeller defined, Fig.
28b for the shroud and propeller circulation, and Fig. 28c for the shroud alone.

Computer Running Time

On the Univac 1108, twenty-five operating points are computed per minute with
Hamilton Standard Deck H193. The pertinent information from Decks H194 and H060
are obtained in nominal running times and need to be generated only once for each
shroud configuration, With such fast running time, this computer program can be
readily used to investigate many variations of the shroud, propeller and centerbody
variables.

As noted in the introduction, detailed instructions are included in Volume II, as well
as the pertinent FORTRAN IV information.
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OPTIONAL PRINTOUTS

BLADE ELEMENTAL PRINTOUT

6.0, 8.¢,¢0.CL.Cp/CL.DCp/DX, DCT/DX, M/McR|T

MATRICES AND CHARACTERISTICS FUNCTION

P (K,L) — CURVATURE COEFFICIENTS (REF, 2,P 24— 27)

M (K.L) — MATRIX USED IN DEFINING SHROUD THICKNESS EFFECT
ON 2—-DIMENSIONAL GLAUERT COEFFICIENTS (REF, 3,P 39—42)

S (K,L) — MATRIX USED IN DEFINING SHROUD VORTICITY —
DISTRIBUTION (CONTINUOUS PART) CONTRIBUTION TO
SHROUD PRESSURE DISTRIBUTION (REF,3,P 63— 66)

T (K,L) — TRANSPOSED MATRIX USED IN DEFINING SHROUD THICKNESS
(3—-DIMENSIONAL. PART) CONTRIBUTION TO SHROUD SURFACE
PRESSURE (REF, 3,P 57 —60)

CHI (J,NU) — INTEGRAL OF THE CHARACTERISTICS FUNCTIONS USED
IN DEFINING THE PROPELLER EFFECT ON THE 2—-
DIMENSIONAL GL.AUERT COEFFICIENTS (VOLUME 1
APPENDIX 11, 7)

VELC — CHARACTERISTICS FUNCTIONS USED IN DEFINING
VELOCITIES INDUCED BY THE SHROUD VORTICITY AT THE
PROPELLER PL.ANE (VOLUME I, APPENDIX 11, 6)

VELH — CHARACTERISTICS FUNCTIONS USED IN DEFINING
VEL.OCITIES INDUCED BY SHROUD THICKNESS AT THE
PROPELLER PLANE (VOLUME I, APPENDIX 11, 6)

2—DIMENSIONAL. GLAUERT COEFFICIENTS CONTENT

SHROUD CAMBER AND THICKNESS

PROPELLER CIRCULATION

CENTERBODY

FIGURE 27,
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SAMPLE CASE FOR DEFINED SHROUD AND PR?

1 ROSE WOROBEL 10/13/67
2 SAMPLE INPUT FOR HS DECK H193

#3%% PROPELLER CHARACTERISTICS #x##

3 Bl=3WT

t10.0F BLADES= 3,

DIAMETER FTes 2.4940 c

HUB X = .2500

X=  «9903

T/8z ,0320
B/0D= 1192
DES CL= 1760
DELTA 0= =5,20

«9493
+0420
1165
«3390
4,70

AF=

16840

LI= 4000

28797
+0570
01125
+4360
«3.50

*x3x SHROUD CHARACTERISTICS #uwsx

SHROUD NGy = 1,
XP=BAR==,1023

+ 7875
0770
«106%
4910
=125

LAMBDA= 46070
S 9110

MU

SHROUD INNER SURFACE DIAMETER FT.=
SHROUD REFERENCE DIAMETER FT.=
RIEGELS FACTOR LIMIT =

AREA RATIO =

T/C CONTRIBUTION TO VORTICITY (THICKNESS COEFF.)=

SLOPE OF MEAN CAMBER

LINE

(GLAUERT COEFF.)=

25000
2:7377

+1875
1.1000

*xx% CENTERBODY CHARACTERISTICS #»x»
CONTRIBUTION TO VORTICITY

*x%x CALCULATIONS ARE BASED ON BOTH PROPELLER AND SHROUD CHARACTERISTI

*s%% IN THE SUBSCGUENT MATRICES THE SUBSCRIPT L REFERS TO THE ROW AND ﬁ

P(Kel) DATA LAMBOAS
+09336 +00000
+18672 +11179
+ 03608 +00000

=«00009 =+00619

«6070

(GLAUERT COEFF.)=

+O0HGT0
+00000
o 02459
+0C0DG

«00000
-.018%7
«00000
«00911

HS COMPUTER DECK H193
HS SHROUDED PROPELLER PERFORMANCE P

HAMILTON STANDARD
WINDSOR LOCKS+CONN.

+6807
+1040
«1000
4980

3.30

“000002
+00000
«,00618
«00000

1967

+5693 L4626
+1380 L1770
«0928 ,0862
4700 L4170
9.40 16,30

+5270 +2506
~¢5100 W742

=,0930 ~.0338

+00000
«00013
+00000
«,00297

&

%
M
i
5

<

P e SRR

LR PRI | TN S S N

3
a-‘n-q

PN N

L J
=4

@

VRSP » FRPOT.

4
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ED SHROUD AND PROPELLER GEOMETRY

EOMPUTER: DECK M193
OPELLER ‘PERFORMANCE PROGRAM

«5693 8626 +«3700 3008 «2600
«1380 «1770 2140 «2050 « 2650
«0928 +0862 «+0800 +0760 «0738
4700 4370 +3510 « 2940 «2570
9.40 16630 23410 28,70 32,30

«5270 22506 =7,4200 30.5670 ~64.6900 73.8190 ~43.2906 10,2380
F ~5100 W742 « 5894 +« 3748 2473 «0951 =, 0456

5

=,0930 ~,0338 +0142 =,0007 =.0009 +0000 ;0000 =,0000

BHROUD CHARACTERISTICS #wus

FERS TO THE ROW AND THE SUBSCRIPT K REFERS TO THE COLUMN ##ss . !

)02 +00000 +00000 . :
00 +00013 200000 ,
18 + 00000 «00003 '
00 =,00297 +00000

FIGURE 28A,
(SHEET 1 OF 5)
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=¢00025 «000600
=«00000 +00003
+00000 +00000
M(KsL) MATRIX LAMBDA=
o 77577 H2779
-s 24243 =,00000
« 02740 +06795
-,00531 =,00000
+00278 «00628
=-,00142 -,00000
+ 00076 +00181
~,00051 -,00000
S{KeL) DATA LAMBDA=
1.34181 «67251
=+63085 =-,00000
«00633 +15863
«00374 =.00000
+00008 -.,00051
=+00006 =+,00000
=400002¢ =.00000
TT(KeL) DATA LAMBDAS
« 0225 +00000
¢ 07153 +04805
01847 «00000
=+00088 =,00320
=+00002 «00000
=+00009 -,00012
+00000 +00000

SAMPLE CASE FOR DEFINED SHRCUD AND-F

+000(

=+00309 «00000 +00472
+00000 -,00178 +00000 +002¢
+00001 «00000 -,00116 «000¢
«+6070 !
~+00000 05230 =,00000 « 00910 -
«08170 -,00000 «01588 ~+00000 «
=+00000 -, 00439 =,00000 ~,00125 -
- 01624 «,00000 ~+00079 -+,00000 K
~+00000 00430 -,00000 «00042 -
-,00220 =,00000 -,00119 =,00000" =,
~,00000 «00080 -.00000 «00029 -
~¢00075 -,00000 -,00028 «4,00000 L1

+6070

=+00000 -,00187 -,00000 =+ 000(
=431730 -.00000 +00193 =,000(
=+00000 -,15604 «,00000 +000!
10401 =,00000 -,10232 =, 000(
-+00000 07676 =,00000 -,076:
-,000319 ~.00000 +06103 =000
~y00000 ~,00012 «,00000 «050°
«6070 .
=.0078% «00000 -,00185 + 0001
+00000 «00417 «00000 « 000
=+00641 +00000 -, 00114 + 0001
«00000 +00040 +00000 =,000(
=¢00002 +00000 +00001 <000
«00000 -.00012 +00000 +000
+00001 «00000 «00003 «00C

sxke IN THE SUBSEQUENT MATRIX THE SUBSCRIPT J REFERS TO THE RO

CHI(JrNU) INTEGRAL DATA

RAD.STA.
¢9903
'9493
8797
+ 7875
26807
5693
4626
23700
«3005
«2600

RAD+STA.
«9903
09493
«8797
+ 7875
6807

'\‘Q“

+ 368797

=+.070586

+162295
+ 043807

=e 042131
=¢023317

8.55389
800916
T+07703
5.87233
4.58011
3.39057
2.41270
1.68862
1.21798

097338

160236
1.40222
1010414
« 78950
e S2496

+011405

VELC(NU)
562314
5409583
%.29719
3.40182
2.55458
1.84241
1.,28978

89415
64189

+51183.

VELH(NU)
.03127“
-,29308
-,25748
=+20963
-,15820

LAMBDA= 607 MU= ,911 XPB= =,10230
=-,098303 + 043780 - 024433
+ 024980 =+011631 + 006482
-+071615 +037169 -, 022480
=+025107 +« 014595 ~+009236
« 024995 =+016077 21010445
«016541 =e011489 +007988
~+009108 «005867 -e 004348
AS NU GOES FROM 0 TO 7
1.28969 =2,85074 =1,63158 1.48951 .
1.08626 =2.29601 ~1.,21526 1.06647
+80696 =1.59809 ~,73%98 .6i2u47
+53993 =.99336 =,37977 «30118
¢33623 =,58796 ~.17831 «13677 .
020297 =,34065 ~,08217 «06184
012265 ~,20034 ~,03940 002936‘:
207656 =.12301 =~,02059 ,01527
«05152 =.,08208 ~,01262 «00930
¢03952 ~.06279 =~,00916 00684
AS NU GOES FROM 0 TO 7 ;
=.83864 + 06054 =,13508 « 01872
<o 72793 +04479 =,12216 +00960 :
=57T043 +02503 +,10112 +00637
-s41068 «00916 =,07669 «00319
-y27832 +00023 =,05414 00101




fD SHROUD AND PROPELLER GEOMETRY

.00'472 .09000 =:00176
.«00000 +00292 «00000
-,00116 +00000 «00199

0000 400910  =,00000 =400500
588 -,00000  ,00058 =.00000
0000 =.00125 =.00000  .00089
0079 =,00000  .00003 =.00000
0000  «00042  =,00000 =.00012
0119: =+00000 =.00003  =.00000
0000 .00029° =s00000  =.00014%
joo2s  ~.00000 ~.00001 -.00000

-.00000 ".000001 ~+00000
‘ +00193 =,00000 =+00000
. =,00000 «00051 =+00000
-,10232 =,00000 +00019
«,00000 -,07637 -,00000

06103 =,00000 =,06095
=,00000 05079 =+00000

9000155 +00000 -, 00041

«00000 +00093 «00000
-,00114 +00000 «00011
+00000 «,00004 +00000
+00001 009000 «00001
«00000 + 00004 +00000

400003 +00000 =,00002

* +911 XPB= =,10230

80 020433 « 015646 =,010819 +007970
31 006482 - CO4140 +002873 =-,002080
69 -4022480 014742 =,010497 «007697
S =,009236 + 006222 -, 004451 + 003320
17 010445 =:007399 «005321 -, 004095
&9 «007988 «, 008775 + 004285 -,003307
57 «, 004348 +003083 =+002396 «001816

1o 7

p1,63158 1,48951 1.,56171 <=,61415
$1.21526 1.06647 1.03086 =,39701
= 73598 (61247 451115 =.19412
\=e37977 30118  .20465 <=.07843
=,17831  L13677 07286 =,02874%
=, 18217 .06184 02566 =.,01048
= 03O0 ,02936  .00969 ~.00408
=.02059 ,01527 .00423 ~,00184
=.01262 ,00930 ,00210 =,00100
., 00916 00684 00175 =,00075

jo 7

=, 13508 .01172 ~,03064 00276
= 12216 400960 ~.02816 400235
=e10112 400637 =.02385 «00166
-0 07669 ,00319 ~.0i852 00091
= 05414  ,00101 ~.,01333 ,00035

s S
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HSER 4776
Volume I

gd REFERS TO THE ROW AND THE SUBSCRIPT NU REFERS TO THE COLUMN *s»%

FIGURE 28A,
(SHEET 2 OF 5)
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OIVISION OF UNITED AIRCRAFT CORPORATION
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SAMPLE CASE FOR:DEFINED SHROUY Al

H
)

233604 =,11248 -,18255 «.00312 <-.0365
+21298 “007696 -,11832 ~.00357 -, 0241
213749 =,05222 =,07763 =.00299 =-.0164
«09433 =,03698 -+05390 =.00236 =.011

+07359 =,02932 «=,04232 ~.00196 =. 0083

%
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HSER 4776
A Volume I
¥ INED: SHROUD' AND PROPELLER GEOMETRY
: -'.003_12 =203654 =,00005 <=.00913 .00006
B2 =.00357 =.02413 =-.00039 =,00608- =.00006
- we00299 -=,01601 =-,00042 =,00406 =-.00008
«,00236 =.01119 ~,00036 =,00285 «~.00007
=,00196 =,00881 =,00031 <=.00225 =,00007
FIGURE 28A.,
(SHEET 3 OF 5) %
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Hamilton
Standard

DIVISION OF UNITED AIRCRAFT CORPORATION

®

AN

‘SAMPLE CASE FOR DEFINED. SHROUD AN

#x%x PERFORMANCE #*#4x

CONDITION

i
PR 7

J= 1,5087 'THETA .374=42.000 -MN= 43053 CP=

NEY THRUST COEFF, (SHROUD + PROPELLER)
SHROUD THRUST COEFFICIENT

SHROUD FRICTION DRAG COEFFICIENT
PROPELLER THRUST COEFFICIENT

SLIPSTREAM CONTRACTICON=

*95

= 210
= =,014
= 002;
= 0225

RATIO OF AVERAGE DUCT VEL./FREE STREAM VEL.= 1,

RATIQ OF AVERAGE SLIPSTREAM VEL./FREE STREAM VEL.=

*xxk INDUCED VELOCITY CONTENT #x*x

PROPs X =
CENTERBODY DV/VO=
SHROUD T/C DV/Vo=
VORTICITY Q(v/vo=
TOTAL v/vo=
ASSUMED V/Vo=
PROP.IND+Gs VP/V=
PROP«INDeMe VP/V=
SWIRL ANGLE =

9903
- 0084
01316
=.0712
1.0520
1,0514
«1940
0740
33,6107

<9493
=+0086
01255
=+ 0680
1,0489
1.0484
1662
+0880
442513

%% GLAUERT COEFFICIENTS CONTENT

SHROUD S

NU  CAMBER
=,5100 =~
MTY2 -

«5894
3748 -~
2473 -
«0958 =~
= 0456 -

CUFLN»»O

k%% SHROUD SURFACE VELOCITIES AND PRESSURE COEFFICIENTS »i

HROUD P
T/¢C (o
0770
0245 -
«0001
«0009
<008y -
0054 -
+ 0055

«8797
-+,0089
«1152
=, 0646
1.,0417
1.0414
+1363
«0888
43162

L2 L L]

ROP» CENTER 7
IRC. ~30DY 2
08L4 =,0930 =
«0176 =~,0338
0467  J01K2
0152 «,0007

0156 =,0
00103 0
0054 L0

009
000
000 -~

« 7875
~,0092
«1023
~e 0621
1.0310
1.0308
1074
+08313
4.0163

OTAL

=D

+ 3676 =~
4719
+6501
«J911
2470
:0956
«0293 =

2
8
6
0

0957

«6807
=+0092
«0891

=+0605

1.0194
1.0196
+0873
«G738
3.7084

3«0

3749
4449
+6509
03917
2463
+ 0952
20296

wmmmoneas VELOCITY COMPONENTS =wusmmnmwe

SHROUD X VORT
¢

*

+00010 9
«00500 1
001256

+ 02500

+ 05000

o 27679
16724
«60794%
129398
+05831

3-0 THICK.+ 4
+DIS. 2D THICK., VORT.CONTs PROP WAKE :
+19128 - 03645 +01551!
37954 -, 03476 +01560
#3680 «,03238: “01573
47207 -,02889 +01596
+47070 -, 02350 .oxeux;

e

.

1.1317

TR

ol

S

E

4




| HSER 4776
1 Volume I
ED SHROUD AND PROPELLER GEOMETRY :
B iz 3053.cP= L4292 i
F ,2102 |}
=00148 1 |
’{ 00216 ¥ B
+2250 ;
b= 1,0957 I
pM VEL.Z 141317 %
|
§ i &
: !
k 27875 16807 45693 4626  «3700 <3005 +2600 i
[=,0092 =.0092 =,0084 =.0067 =.0039 =.,0005 .0021 5
B .1023 0891 0780 0698 (0644 0613 40599 f
200621 =+0605 <=¢0592 =¢0581 «.0573 =.0568 =.0566 !
1,0310 1.0194 1,0104 1,0050 1.0032 1.0040 1,0055 :
£1,0308 1.0196 1.0107 1,0054 1.0036 1.0044 1.0059 i
Y 01074 ,0873 L0685 L0497 L0340 .0231 L0174 ]
E 40813 0738 <0628 0495  .0365 0269 0216 y
[4,0163 3,7084 3,2153 2.5809 1.9296 1.4356 1.1585 i
o)
i
&
3
m ]
: 3=0
576 =3719
T19 L4449 .
501 +6509
P11 »3917
470 22463
956  +0952
293  =,0296
COEFFICIENTS. s#sx
TS - o - -
Ko+ OUTER SURFACE INNER SURFACE
INT, PROP WAKE  CB EFFe  V/VINF  CPRESS V/VINF  CPRESS
3 -,8568 +2659
3645 01551 =.00530 9492 0990 =.737% 4563
33476 01560 =.00530 1.3318 =, 7737  .,0592  .9902
3230 “01573 «,00530  3.4280 +1.0393  .5697  .6755
889 +01596 ~e00530  1,4596 =1,1303  .9686 0619
2350 101641 ~,00520 1.4248 =1,0300 11,3152 =,7299
: FIGURE 28A,
(SHEET 4 OF 5)
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«07500 -
«10000 -
«15000 -

«20000 -
25000 -

¢30000
«40000
+50000
+60000
«70000
«80000
«90000
+95000

SAMPLE CASE FOR DEFINED SHROUD AN;

+03427
«07184
+07519
04174
«00226
+ 03024
+06032
«05587
04725
05566
«07476
«06859
04324

43353
«38498
28996
21918
17644
«15560
«14512
013347
«10324
+06518

«03178.

~.01239
~+06159

s+ BLADE ELEMENTAL PRINTOUT xs#x
J= 1.5087 THETA 3/4= 42,00 FREE

x=
THETA=
ALPHA=
PHI=
BETA=
PHI 0=
cLa=
Co/CL=
DCP/DX=
DCT/0X=
SECT.EFF.=
SECToMN=
M/MCRIT=

«9903
36.80
407
32,73
572
27.02
5699
+ 0446
1,1067
5027
6853
7032
« 7738

09493
37,30
4,28
33.02
5,08
27.94
o T147
+0296
1.1997
+5806
7301
+6804
+ 7989

-.01987
-.01761
-.01601
~.01672
-.01840
=.02027
=.02316
=+ 02466
-+02552
-.02618

~. 02604

-,02383
~e02171

01686
01731
«01814
+01876
«01885
«01771
«00406
~+01566
-.,01891
=.01785
=+01607
=, 01433
~«01352

STREAM MeNe= 43053

8797
38450
440
34410
448
29.62
+ 7875
«0182
1.0619
« 5459
« 7756
6413
+» 7889

« 7875
40,75

4466
36.09

3¢93
32415
8193
+0162
8265
k2
+8088
5899
« 7587

«6807
45,30
5.86
39,44
3.71
35.73
+8684
<0172
6241
0 3427
«8283
+5319
+7193

+5693 °

51.40
T45
43,95
3.50
4045
<8844

+0189
4288 !

2394

8424

4747
+7086

:
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HSER 4776
- Volume I
NEDSHROUD AND PROPELLER GEOMETRY :
1401686 =.00520 1,3605 =.8510 1.4275 ~1.0379
$01738. =.00530 1.,2981 =.6852 1.,4408 ~1.0759 ]
+01814 *e00540 1.2111 =.4667 1,3614 =.8535 :
~+01876 =e00570  1.1738 =u3777  1.,2573 =.5807 5
+010885 =:00610 1.,1685 =¢3655 1.1731 ~,3760
«01771 «.00660. 1.,1767 =.3845 1,1162 =,2459
«00406. «,00780 1,1785 ~¢3890 1,0579 =.1192 .
«.01566 ~¢00910 1.1399 =,2994% 1,0282 =.0572 Cd
-.01891 =+01050 1.0956 =.,2002 11,0011 =.0021 _
«.01785 «s01170  1.0651 ~.1345 <9538 +0903 1
«,01607 =4s01250 1.0519 =.1065 <9024 1857 £
-, 01433 -,01280 1,0052 =.0105 +8681 «2465 .
-.01352 «,01270 49337 .1282 <8472 +2822 i
3052 -
6807  .5693 4626 +3700 +3005 2600 b
45,30 S1.40 58430 65.10 70.70 74,30 ¢ 4
5,86  T.45 8493 9492 10.36 10.62 i
39,44 43,95 49,37 55,18 60.3% 63.68 14
3071 3050 301“ 2069 2026 1.97 % E
35,73 4045 46,23 52.49 58.08 61,71
+8684 L8844 8351 L7282 L6048 45215 ;
e0172 40189 0277 OO0 0577 L0747 ;
s6201 L4288  .2682 41558 .0930 L0647 :
oS427 2394 «1497 - .0855 +0488 «0321 g
18283 L8424 L8421 8278 .7920 .T480 )
¢5319  JATH7 L4245 L3859 3610 3485 5
+ 7163 « 7086 « T196 « 7050 5082 +6085 '\;
;
:
FIGURE 28A. 3
(SHEET 5 OF 5) i
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Hamilton__
Standard A.

T

gy

g

(L
-

OF UNITED AIRCRAX T CORPORATION

CIRCULATION=

SHROUD INNER SURFACE DIAMETER FT.=

RS MM LT, £ L
™

.

.

.

X

25 Ruinid

PR

PP

ERRT

SAMPLE CASE FOR DEFINED-SHROUD AND

NOYRESN. « |

HS COMRUTER DECK H193:
HS SHROUDED PROPELLER PERFORMANC
HAMILTON STANDARD
WINDSOR LOCKSsCONN,
1967
1 ROSE WOROBEL 10/13/67
2 GIVEN PROPELLER CIRCULATION

s AN 6

*x%*x PROPELLER CHARACTERISTICS »wx&

oA S 7

3 B81-3WT

SRTNETR ANERORY

NO.OF BLADES= 3., AF= 168.0
DIAMETER FTo=  2.49%0 CLI= 4000
HUB X = ,250C

A A 6

AT

24626
+0995

«6807
o184

+5693
+1262

«8797
«1788

07875
01632

29493
«1769

X= .9903
+15389

HaendE I8 sur 5, base

*xkk SHROUD CHARACTERISTICS **x%x

o de ey

LAMBDA= .,6070

= L9110

245000

2.71377
1875 E

1.1000 A

5270 42506
~.5100

047“23

SHROUD NQ. = 14
XP=BAR==,1023 MU

SHROUD REFERENCE DIAMETER FT .
RIEGELS FACTOR LIMIT
AREA RATIO

T/C CONTRIBUTION TQ VORTICITY (THICKNESS COEFF.)=
SLOPE OF MEAN CAMBER LINE (GLAUERT COEFF.)=

#xxx CENTERBODY CHARACTERISTICS #oksx

CONTRIBUTION TO VORTICITY (GLAUERT COEFF+)=  =+0930 =,0338

ssxx CALCULATIONS ARE BASED CN SHROUD CHARACTERISTICS AND GIVEN PRO

Lo vt ity 3 SRR e o ot it ek e o e

il &

L.

W
Ty




FCOMRUTER ‘DECK H193

ROPEL.ER PERFORMANCE PROGRAM
HAMILTON STANDARD

ENDSOR LOCKS»CONN,

- 1967

#3005
+ 0540

3700
+0734

4626

7 5693
4 +0995

+1262

+2506
5THh2

+5270

=+5100 +5894

 -,0930  ~=,0338 40142

‘70“200 300567@ ~64.6900
#3748

=.0007

ED-SHROUD AND. PROPELLER CIRCULATION

«2600
<0435

73,8190 =43.2900
«0951  =,0456

10.2380
2473

'-0009 .0000 00000 -,0000

IGS AN  GIVEN PROFELLER CIRCULATION *ax#

J—
- RIS o s

et s W

HSER 4776
Volume 1

FIGURE 28B.,

(SHEET 1 OF 3)
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Hamilton__ U
Standard Re

3

*xx PERFORMANCE *%%

CONDITION J= 1,5U87 MN= ,3053
NET THRUST COEFF.(SHRQUD + PROPELLER) = .2102
SHROUD THRUST COEFFICIENT = ~,0148
SHROUD FRICTION ORAG COEFFICIENT =  .0216 g
PROPELLER THRUST COEFFICIENT = 2250

SLIPSTREAM CONTRACTION= .95
RATIO OF AVERAGE DUCT VEL+/FREE STREAM VEL.= 1,0957

RATIO OF AVERAGE SLIPSTREAM VEL./FREE STREAM VEL.= 1.1317J2

%% INDUCED VELGCITY CONTENT *x%x

PROP« X - 09903 9493 «83797 « 7875 «5807
CENTERBODY DV/VQ= =~,0084 ~,0086 =.0089 ~,0092 <-.0092
SHROUD T/C DV/Vo= 1316 «1255 1152 1023 «0891
VORTICITY DV/V0= «~,0712 =,0680 =~,0646 =.062) =.0605
TOTAL V/Vo= 1,0520 11,0489 11,0417 11,0308 11,0194

*xxk GLAUERT COEFFICIENTS CONTENT %%

SHRQUD SHROUD PROP.  CENTER TOTAL
NU  CAMBER T/C CIRCs =BODY 2=D 3=D
=¢5100 ~,0770 0814 =,0930 =,367€ ».3719
742 =,0245 «,0176 ~=,0338 4719 L4449
«5894  ,0001 L0466 L0142 L6501 6509
+3748 =,0009 L0152 =-.0007 3911 ,3917
2473 ~,0081 =,0156 <=.0009 ,2470 2463
+0950 ~-,0054 =,0103 L0000 ,09% ,0952
~«0456 =.0055 0054 0000 ~.0293 ~.0296

1
CONFULUN+LrO

~wmmmammn VELOCITY COMPONENTS =we==mene
3-0 THICK.+
SHROUD X  VORT.DIS, 2<D THICK, VORT.CONT, PROP WAKE
.0

«00010 9.,27720 119128 = 03645 «01550
«00500 1.16730 « 37954 - Q3477 +01559
«01250 «6Q797 +43680 ~-.03238 01572 9
02500 029401 47207 -.02889 + 015958 -
205000 «05833 47070 =+02350 +01640
+07500 =, 03426 43353 ~. 01987 101685
«10000 -,07182 38498 =.01762 «01730
+15000 -,075318 +20996 ~.01602 «01813

+20000 =+ 04173 +21916 ~:01672 201875

¢
3 ¥ - » e e = s e T TR I o
ﬁ;_.,mw T 2 2 Te— .

|
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fAm veL

£ .7a7%
~e0092

<1023
=.062}
1,0309

AR N

1,0957

1.1317

26807

=+ 0092

«0891

'o0665
1,0194

3~D
676 »,3719

4449
+6509
+3917
12463
+ 0952

293 =,0296

S LU LT LT

PROP WAKE

«01550
« 01559
01572
+01595
+ 01640
+0160%5
«01730
«01813
201875

5693
=:0084
«0780
=-.0592
1.0104

COEFFICIENTS #kax

4626
-00067
+0698
~+0582
1.0050

+3700

‘00039

« 0644
-00573
1.0032

«3005
=+ 0005
«0612
-+ 0568
1.0040

QUTER SURFACE

CB EFF. V/VINF CPRESS
=.00530 <9492 «0990
«+00530 1.,3318 -, 7738
-, 00530 1.4281 =1.0394
-,00530 1.4596 <=1.1304
=,00520 1.4248 =~1,0301
-,00520 1,3605 «+8510
«,00530 1,2982 ~, 6852
-,00540 1.2111 = 4667
-,00570 1.1738 -e3777

2600
+ 0021
«0599
-, 0566
1.,0055

INNER SURFACE

V/VINF
-,8568
- 7374

«0991
+56956
+ 9685
1,3152
1.4275
1.4408
1.3614
1.2572

CPRESS
« 2659
+ 4562
«9902
«6755
«9619
“'07298
~1,0378
=1,0758
=, 8534
-,5807

it S o O B e Tt

HSER 4776
Volume I

FIGURE 28B,
(SHEET 2 OF 3)
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Hamilton_
Standard

VISION OF UNITED AIRCRAFY COSPORATION

®

«25000
+30000
+40000
+500090
«60000
+ 70000
+80000
+50000
+95000

-.00225
«03024
206032
«05587
004725
«05566
« 07476
+ 06659
04324

e o At O R . R e,

o BV ot s uttilfaae

H

SAMPLE CASE FOR DEFINED SHROUD AN

17644
#15550
14512
13347
10328
«06518
+03178
-+01239
~«06159

'0018“1
~.02028
-,02317
-, 02466
-.02552
-, 02618
-,02604
-.,02383
-.02171

01884
01770
« 00406
~.01568
~,01890
»,01784
-o01607
-~ 01432
-,01351

ol
=l
“ﬂ
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FINED SHROUD AND PROPELLER CIRCULATION

«01884 «.00610 1.1685 =.3655 1.1730 ~.3760
#01770 =e00660 1.1767 =.3845 1.1162 =,2459
~ +00406 ~«00780 1.1785 ~.3890 1.0579 =-.1191
~.01566 «e00910 1.1399 =.2994 1.0282 =.0572 ¥
-+01890 -.01050 1,095 -.2003 1,001 ~-,0021
~.01784 =+01170 1.,0651 =.1345 «9538 «0803
=e01607 =-¢01250 1.0519 ~.1066 «9024 «1856
= 01432 -.01280 1.0053 ~.0105 «8681 + 26465
=+01351 -+01270 « 9337 +1281 . 8472 +2822

FIGURE 28B,
(SHEET 3 OF 3)
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SAMPLE CASE FOR SHROL

HS COMPUTER DECK:
HS SHROUDED PROPELLER PERFQ
HAMILTON STANDA

WINDSOR LOCKS/CQ

1967
1 ROSE WOROBE. 10/13/67 {
2  SHROUD ALONE
3 81 :
#s¢% SHROUD CHARACTERISTICS #%a» §

¥

SHROUD NO: = 1, LAMBDA= +6070 ;

XP=BAR==,1023 MU = ,9132 ;

SHROUD INNER SURFACE DIAMETER FT.= 2.5000 ;

SHROUD REFERENCE DIAMETER FT.3 2.7377 :
RIEGELS FACTOR LIMIT = 1875 é
AREA RATIO = 1,1000 i

CENTERBODY X IN SPECIFIED PLANE = .2500 ;

£

T/C CONTRIBUTION TO VORTICITY (THICKNESS COEFF.)=  o5270  .d
SLOPE OF MEAN CAMBER LINE (GLAUERT COEFF.)=  =i5100  «f

#xxx CENTERBODY CHARACTERISTICS *###
CONTRIBUTION TO VORTICITY (GLAUERT COEFFs+)=  =40930 .03

\

%% CALCULATIONS ARE BASED ON THE SHROUD ALONE #x*%

i A S NN b Bt LS. U A, 7 oS TS L AN P mrm, RS T e 2usba Bl vz

ot

2

g g

ot et nis st st Los o




}
3 HSER 4776
1 Volume 1 R
JASE FOR:SHROUD AL.ONE
| HS COMPUTER DECK H193 il
ED 'PROPELLER PERFORMANCE PROGRAM r
k. HAMILTON® STANDARD |
§ WINDSOR LOCKS+CONN. i |
» 1967 , B
|
] i3
|
f
: :
)2 45270 42506 =T.4200 30,5670 =64.6900 73,8190 =43,2900 10.2380 i
Re)3  =e5100 4742 5894 L3748 L2473 L0951  =.0456 :
= =.0930  =,0338  .0142 =.0007 =.0009  .0000  .0000 =,0000
BE o0

FIGURE 28C,
| (SHEET 1 OF 3)
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*%% PERFORMANCE **%
CONDITION MN= 3053
SHROUD FRICTION DRAG COEFFICIENT =  .0079
SLIPSTREAM CONTRACTION= .96
RATIO OF AVERAGE DUCT VEL,/FREE STREAM VEL.= +9825

*#3%% INDUCED VELOCITY CONTENT #s#s

PROP, X = «9903 09493 «8797 «7875 +6807 05693
CENTERBODY DV/V0= =,0084 ~+s0086 =.0089 =,0092 =,0092 -,0084 -4
SHROUD T/C pV/svo= 1319 «1258 «1155 21025 «0893 «0781
N VORTICITY DV/VO= «=,1181 ~,1145 01102 ~,1065 ~.1032 «=,1004 =
TOTAL V/V0=  1.0054 11,0027 « 9964 +9869 9769 9693 |

¥4x& GLAUERT COEFFICIENTS CONTENT *#%

SHROUD SHROUD PROP., CENTER TOTAL

NU  CAMBER T/C CIRC,  «BODY 2~ 3=D

7 -0 -,5100 ‘00770 «0000 -,0930 “ 4490 = 4644

: HTH2  ~,0245 «0000 ~,0338 L4895 4456

; +35894  ,000% «0000 +0142  ,6034 «S994
3748 =,0009 +0000 <~,0007 3759 ¢ 3763 3
2473 =,0081 +0000 ~,0009 «2626 12622 s
«0951 =,0054 «0000 +0000 «1059 1055

= 0456 =,005% +0000 «0000 ~,0347 ~, 0350

Lot e ¥ diccs
ONMEGN =

Plhin o amotari os T oxe

] *#%% SHROUD SURFACE VELOCITIES AND PRESSURE COEFFICIENTS ##%#

Sarnennse VELOCITY COMPONENTS Soawecene

! . 3-D THICK,+ ) ’
k snnoug X VORT.0ISs  2~D THICK. VORTJCONT. PROP WAKE  ¢B EFF ¢
[ 93
: +00010 11.58799 «19128 =.06053 +00000 =,00
+00500 1.49560 + 37954 -,05881 +00000 =400
: +01250 +81715 +43680 -.05636 +00000 =.004
4 002500 44391 %7207 -,05276 +00000 =, 00
+05000 016753 47070 =, 04719 +00000 =,00
: +07500 105778 43353 - 04337 +00000 =-.00
3 +10000 101049 +38498 -, 04091 +00000 -.004
: +15000 = 00430 +28996 ~,03879 +00000 -,00%
k 220000 +02185 21918 -.03879 +00000 =,00
2 +25000 05443 ' 17644 -.03958 +00000 =400
§ +30000 + (7956 +15560 -, 04037 +00000 =,00
: +40000 +08309 o 14512 =e 04072 +00000 =009
i +50000 «07239 + 13347 ~403955 +00000 =400
<

+60000 +05223 110324 =.03802 +00000 =010

R OO T

,ﬁ,~
A

o
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HSER 4776
Volume I :

3 z ;
ASE FOR.SHROUD ALONE

i

s

P
.. § 3
L 16807 5693 4626 L3700 +3005 2600 L
(200992 =.0084 =.0167 =.0039 =.0005 .002% T
0293 L0781  .0699 L0685 .0613  .0599
F@e1032 =e1008 =0980. =.0963 =.0951 «=.0946 )
[ 29769 (9693  .9652 9643 9657 .9675 :
b644 1
456
994
3763
622
3085
D350

i CIENTS s3s»

A QUTER SURFACE INNER SURFACE )

0P WAKE CB EFFs V/VINF CPRESS V/VINF  CPRESS : £
E =1,0697 -, 1443

+20000 =,00530 1,1557 ~.335% ~-,9511 « 0954
400000 =+00530 1.4843 ~1.2030 ~.0951 «9910
«00000 =e00530  1.,5477 «1.3954 «3939 8448
«00900 =,005306 1,5515 ~=1.407% «8101 0 3437
+00000 =.00520 1.4897 ~-1.2192 1.,1750 =-,3806
+00000 =.00520 1,4111 =49911 1,2960 ~,6045
+00000 =e00530 1.3396 =~ 7948 1.3187 =,7391
+00000 =s00540  1.,2413  =o5407 1.2494 ~,5611
«00000 =s00570 1,1965 ~.4317 1,1528 =,3290
+00000 =e00610 11,1852 ~4047 1,0763 ~,1585
+00000 =,00660 11,1882 ~.4118 1,029%4 ~,0590
«00000 =:00780 1,1897 = 4154 1.,0035 ~-.0070
+00000 «e00910 1.1572 ~¢3391 1.,0124 ~,0250
+00000 *e01050 1.1070 =¢2253 1.0025 ~,0050

i b o

e AR it S

R -

FIGURE 25C.
(SHEET 2 OF 3) :
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«70000
«80000
«90000
95000

«05633
007651
07068
04343

«06518
+03178
~e01239
=+06159

=.03679
~.03523
-.03188
=.02921

«00000
«00000
«00000
+00000




AN

+00000
+00000

«00000.
+00000.

=,01170
=+01250
-.,01280

-, 01270

; CASE: FOR. SHROUD ALONE

1,0730
1,0606
1.0136

29399

-41514%
-y 1248
=, 0274

«1165

<9604
<9075
<8723
+8531

0777
1764
«2392
2723

R T TN ———

HSER 4776
Volume 1

FIGURE 28C,
(SHEET 3 OF 3)
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COMPARISONS OF CALCULATIONS AND TESTS

INTRODUCTION

The T.A.R. theory, modified as discussed in the previous sections is now evaluated
by comparing its predicted performance and pressure distributions with the test re-
sults of Phase I (Ref. 15). The discussion includes pertinent information on the test
program and some comparisons of calculations and test for the isolated and shrouded
propeller configurations. The shrouded propeller comparisons are made for.a Mach
number range of . 05 to .5 for a variety of shroud and propeller geometries. Compar-
isons of propeller thrust, net thrust, shroud surface pressure distribution, pro-
peller thrust derivatives, and axial velocities in the propeller plane are made, The
net thrust evaluations are based on Methods 2 and 3 (paragraphs 6.3.3 and 6. 3. 4)

for calculating inviscid thrust and the drag method using zero pressure gradient

(paragraph 6. 4.2). A discussion is also included with respect to the centerbody effect
on performance,

DISCUSSION OF TEST DATA

A comprehensive wind tunnel test was conducted in the United Aircraft Research Lab-
oratory's 18 foot low speed and 8 foot high speed tunnel facilities, A parametric
series of 2.5 foot diameter shrouded propeller models were tested from near static
velocities to a Mach number of 0,5 over a range of propeller power loadings and tip
speeds. These models incorporated interchangeable shroud lips, exit sections and
propellers so that the effect of a shape change in either shroud, propeller, or shroud-
propeller combination could be examined.

The shroud shape variables investigated consisted of liv shape, area ratio, chord
length, exterior shape, vanes, and propeller position within the shroud. The propel-
ler shape variables included blade planform, number of blades, and tip clearance.
One propeller was selected to investigate all the shroud variables and similarly, one
shroud was selected to investigate all the propeller variables.

The shroud and propeller configurations are defined in Fig, 29 through 32, Fig,

29 shows the shroud shapes tested as well as the parameter variations. The parame-
ters arc defined as follows.

. Open Area at Shroud Exit
Arca Ratio (Ag4/Ay) =
r fo { 4/ 2) Open Arca at Propeller Plane

Shroud Lip Shape = (Shroud Leacing Tdge Diameter) .
Propeller Diameter

1

Shroud Length ( A} = Shroud Reference Cylinder Length
Shroud Reference Diameter

89
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(Continued)

Propeller Position (ip) _ Distance of Propeller ¢_ from Shroud Mid-chord
Shroud Reference Cylinder Length

Fig. 30a defines the shroud thicki.ess ratio distribution and Fig. 30b the shroud camber
line slope distribution. As can be seen from Fig. 30a and 30b, the changes in area
ratio resulted in simultaneous variations of the camber line and thickness forms.

Fig. 31 shows the propeller blades tested and Fig. 32a and 32b the model blade sec-
tional characteristics.

The wind tunnel test was undertaken as Phase I of contract NOw-64-0707~d. The re-
sults-are reported in Ref. 15. Performance changes due to the various parameters

are presented, Since some of the parameter presentation nomenclature of Phase I
was changed in Phase III, the nomeénclature for Phases I and III are included in Fig, 33
for correlation between this report and Ref, 15. The parameters for shroud length,
-propeller position and tip clearance have been changed to be compatible with the compu-
tational procedure. Since some of the Phase III parameters have been previously de-
fined, the list will be completed with the following dafinitions:

. Propeller Diameter
Propeller Tip Clearance () = Shré)ud Reference Diameter

_ Blade Tip Chord

P ller Planf =
ropelier Ylaniorm Propeller Diameter

The Phase I definitions can be ok‘ained from Ref, 15 if required,
PERFORMANCE COMPARISONS - ISOLATED PROPELLER

As part of the Phase T test program, a limited amount of test data was obtained for
the isolated propeller for Mach numbers of . 05, .1 and .2. Fig. 34 shows tlie- com-
parison of calculations and tests for propeller thrust coefficients for the Mach
number rarge. The computations were made for the corresponding test power coef-
ficients also shown in Fig, 34, The excellent agreement is another example of the
favorable comparis()ns of calculations and test obtained by using a computational
procedure based on the Goldstein propeller theory,

PERFORMANCE COMPARISONS  SHROUDED PROPELLER

Introduction
Comparison of calculations and Phase I test results have been made to establish the
validity of the computational procedure. Pertinent siroud and propeller paramecters

required for the computations are listed in Fig, 35, The discussion is divided into
two categories. The first accounts for variations in performance due to what are

90
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HAMILTON STANDARD SHROUDED PROPELLER TEST
SHROUD SHAPES

NOTATION PARAMETER VARIATIONS
vy
EXTERIOR SHAPE oX nm
n o T X
SHROUD| SHROUD ] 6 g H 3
AREA LIP LENGTH 4 E Z
Bi 1.1 0.133 0.607 —0.1023 X

C\> B2 0.172

C == | 13
C T BS —~0,2528

C T B X

FIGURE 29,
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HSER 4776

DIVISION OF UNITED AIRCRAF T CORPORATION VOlume I
Standard ®
NOMENCLATURE COORDINATION
PARAMETER PHASE | NOTATION PHASE Iil NOTATION
AREA RATIO A,/A;
ATIO Bt — 3WT 1.1
AREA RAT! B3 — 3WT 1.2 SAME AS PHASE |
B4 — 3WT 1.3
(SHROUD LEADING EDGE DIAMETER)
SHROUD L.IP PROPELLER DIAMETER |
SHAPE B1—3WT 133 SAME AS PHASE |
B2—3WT 172
SHROUD LENGTH Bl — 3NT A 607 -
SHROUD LENGTH B1 — 3NT .667 B7 — 3NT 456
B7 — 3NT .500 )
ELLE PROPELLER POSIT!ON Xp
PROPELLER
POSITION Bl — 3WT A0 Bl — 3WT  ~.1023
B5 — 3WT .25 B5 — 3WT —.2£28 |
TIP CLEARANCE H
PROPELLER TIP B1 — 3R 00119 Bl — 3R 911
CLEARANCE B1 — 3R1/2M  .00259 Bl —3R1/2M  .909
B1 — 3RM .00559 Bl — 3RM .903
(5LADE TIP CHORD )
PROPELLER ROPELLER DIAMETER
PLANFORM B1 — 3NT .0949 SAME AS PHASE |
B1 — 3R 1077
B1 — 3WT 1198
NUMBER OF BLADES
ggrgs: OF B1 — 3NT 3 SAME AS PHASE |
Bi — 4NT 4
FIGURE 33.
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defined as primary parameters. The second accounts for variations due to secondary
parameters. It is interesting to note these catagories generally are associated with
aerodynamic and geometric variables respectively. The primary parameters are:

1. Power coefficient, Cp
2. Advance ratio, J ={ (Mach no. and tip speed)
3. Area ratio

The secondary parameters are;

1. External shroud shape

2. Lip shape

3. Shroud length

4. Propeller position in shroud
5.  Propeller planform

6. Number of blades

7. Tip clearance

Shroud Pressure Distribution Comparisons /

In this section, the effects-of the primary parameters on shroud pressure distribution
will be evaluated. The changes due to changes of the secondary parameters are neg-
ligible. The primary parameters considered in the performance evaluation are power
coefficient, area ratio and Mach number, for a propeller rotative speed of 6000 RPM
(tip speed of 785 ft/sec). The pressure distribution comparisons will be made at

5500 RPM (tip speed of 720 ft/sec) since most of the pressure measurements were taken
at this speed, Comparisons of pressure distributions will account for Mach number
variation, power coefficient variation and area ratio variation, all for the 5500 RPM case,
In addition, the effect of a rotative speed change for a given Mach number, area ratio and
power cocfficient will be investigated, The area ratio 1,1 shroud will be used Lo evaluate
the effecls of changes in power cocfficient, rotative speed and Mach number, The varia-

tions duec to area ratio will be based on the 1,1 and 1,3 area ratio shrouds, All the
pressure distributions discussed in this section have been corrected by application of

the Riegels factor, « ;-

Power Coefficient

The variation of pressure distribution due to changes in power cocfficient for the 1.1
area ratio shroud is shown in Fig. 36a and 36b for a Mach number of .3, The M =
.5 case is similar and will not be discussed.

T'wo interesting features are exhibited by both the theoretical curves and the test
data,
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